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Un des defi pour les sciendfiques en environnement est de signaler, d'analyser, de predire et
d'evaluer les effets des acdvites humaines sur 1'environnement. L'objecdf de cette these etait de
demontrer la pertinence de 1'asymetrie fluctuante des organismes comme biomai'queur
morphometnque pour evaluer la qualite de 1'environnement. L'asymetrie fluctuante d'un
organisme estune pedte deviation aleatoire a pai-tir d'une symetiie bilaterale parfaite qui resulte
d'un stress genedque et/ou environnemental durant Ie developpement.
Pour atteindre cet objectif, 1'impact de 1'epandage sylvicole des boues d'epuradon des eaux
usees municipales sur la qualite de I'envii-onnement a ete evalue a 1'aide de methodes
couramment udlisees (e.g. analyse chimique) pour detecter la presence de contaminants et a
pardr de Festimadon de 1'asymetrie fluctuante de deux especes animales (un micromammifere
herbivore et un insecte predateur). Les boues d'epuration municipale condennent des elements
nutritifs qui peuvent ameliorer la croissance des vegetaux et enti-e autres celles des arbres.
Cependant, la presence d'elements traces m^talliques, de composes organiques de synthese et
d'organismes pathogenes dans les boues sont une source de preoccupation.
Un an apres 1'^pandage de boues d'epuradon, une premiere serie d'experiences a montre que les
teneurs en cadmium, plomb, et mercure (trois metaux consideres comme tres toxiques) mesurees
dans les feuilles des arbres et dans les micromammiferes pouvait eti'e consideree comme sans
effet biologique negadf. De plus, des la premiere annee, les boues ont ameliore la croissance en
hauteur des chenes blancs (Querciis alba L.). Une deuxieme serie d'experiences a demonu-e que
1'epandage des boues n'augmentait pas la charge en helminthes (parasites) dans la cavite
gen^rale et Ie tube digesdf des campagnols des champs {Microtus pennsylvanicus) et des
musaraignes (Bktnna brevicauda). Ces premiers resultats - a court terme - suggerent que
1' application des boues, respectant la reglementadon etablie par Ie gouvemement quebecois,
permet de gamntir une certaine qualite de 1'environnement, tout en favorisant la croissance de
certaines esp^ces d'arbres.
Ces resultats ont ete confn-mes en esdmant 1'asymetne fluctuante des campagnols et d'un insecte
predateur (Pterostichus melanariits). L'asymetde fluctuante des animaux preleves sur les
parcelles traitees par les boues d'epuration municipale n'etait pas significadvement differente de
celle des animaux habitant des parcelles temoins. Le niveau d'asymetrie fluctuante d'un
organisme est la consequence de la qualite de 1'environnement au cours de son ontogenese et
permet une evaluation globale de la qualite de 1'environnement. Ainsi, a 1'aide de ce biomarqueur
moq)hometrique il a ete possible d'evaluer les effets synergiques et antagonistes des
contaminants apportes par les boues chez des organismes vivants. Les methodes de chimie
analydque n'ont pas permis ce type d'evaluadon et se sont averees plus couteuses que les
mesures d'asym^trie fluctuante.
Une demiere experience a ete realisee dans un ecosysteme aquadque pollue par un biocide
(pentachlorophenol), et a 1'aide d'epinoches (Gasterosteus aculeatus), pour comparer la
sensibiUte de 1'asymetne fluctuante par rapport a d'autres biomarqueurs (e.g. activite EROD)
plus couramment utilises par les toxicologues en environnement pour surveiller et evaluer la
qualite de 1'eau. Cette experience a permis de demontrer la perdnence de 1'asymetrie fluctuante
pour detecter les polluants dans les ecosystemes aquadques.
La piincipale conclusion de cette elude est que 1'asymetrie fluctuante represente un indicateur de
stress environmental peu couteux, rapidement applicable, sensible et complementaire aux
analyses chimiques ou aux biomarqueurs biochimiques pour evaluer la qualite de
1'environnement. Cependant, d'autres travaux de recherches sont encore necessaires pour
s'assurer de la reelle valeur de ce biomarqueur dans diverses conditions de stress.
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Dans de nombreux habitats, les stress abiodques influencent la distribudon, 1'abondance des
especes et, d'une fagon plus generale, la qualite de 1'environnement. Les stress abiodques
d'ongine humaine se sont amplifids ces 50 demi^res annees, en relation avec 1'accroissement
des populations, de Fmdustnalisation et de 1'agriculture moderne. Les stress abiotiques
anthropiques sont varies (alteration ou destinction de 1'habitat, contamination chimique,
changement climatique, etc.). Par exemple, dans Ie cas des produits chimiques, 1'US
Environmental Protection Agency (EPA) a inventorie 7 000 produits chimiques et a evalue que 2
000 nouveaux produits chimiques etaient fabriques annuellement (Zeeman et Gilford, 1993).
Seulement 10 % de ces produits avaient subi des tests d'ecotoxicite (Zeeman et Gilford, 1993).
Pourtant, un nombre important de ces produits sont disperses dans 1'environnement.
Un des d6fis pour les scientifiques en environnement est de signaler, d'analyser, de predire et
d'6valuer les effets des acdvites humaines sur Fenvironnement. Ce travail est capital car les
gouvemements doivent pouvoir s'appuyer sur des resultats scientifiques pour elaborer leurs
politiques environnementales et ainsi garantir une ceitaine qualite de 1'environnement a la
population humaine.
Deux raisons jusdfient amplement la necessite de surveUler la qualite de 1'environnement.
Premierement, la sante des populadons humaines depend etroitement de la qualite de leur
environnement. Deuxi^mement, les humains sont attaches, pour leur bien-etre, a une ceitaine
valeur esthedque de leur environnement. La presei'vadon de la biodiversite et la protection des
paysages sont d'ailleurs des preoccupations en plein essor (voir Amiai'd et al., 1998 pour une
revue).
Dans quelques cas, les effets des acdvites humaines sur la qualite de 1'environnement sont
facilement observables, comme dans Ie cas d'un stress abiodque aigu. Par exemple, en 1989,
quand un p^trolier deversa accidentellement 40 000 tonnes de petrole dans Ie detroit de Valdez
(Alaska, Etats Unis), plusieurs centaines de kilometres de Uttoral furent contamines et de
nombreux oiseaux marins perii'ent mazoutes dans les heures qui suivirent 1'accident. Dans Ie cas
d'un stress abiotique aigu, 1'impact sur 1'ecosysteme est evident. Cependant, les stress
abiodques sont souvent pi-^sents dans 1'environnement a des niveaux beaucoup plus bas. Bien
qu'ils n'induisent pas de mortalite immediate, ils peuvent avoir des impacts negadfs sur la valeur
adaptative des organismes (e.g. croissance, fecondite, succes reproducteur...). Ces types de
stress abiotiques, qualifies de stress chroniques subletaux, sont les plus commims, mais
egalement les plus difficiles a evaluer. En effet. Us sont presents condnuellement ou
p^riodiquement b de faibles concentrations, sur une longue periode de temps et sur plusieurs
generations.
De nombreuses methodes sont employees pour sui-veiller la qualite de 1'environnement. II est
possible de distmguer deux categories : (1) les analyses chimiques pour detecter et quantifier les
polluants presents dans les milieux abiotiques (air, eau et sol) ou biotiques (organismes vivants),
(2) les methodes plus appropnees, comme les biomarqueurs, pour evaluer les effets des stress
abiodques sur les organismes vivants, au niveau des individus, des populations et^ou des
communautes (Amiard et al., 1998). Comme Ie soulignent Amiard et al. (1998), seule
1' association de ces differentes approches peut permettre d'evaluer de fa^on precise 1'etat des
milieux et des organismes qui y vivent.
Le but de cette these etait d'evaluer la pertinence d'une methode basee sur Ie concept de
1'instabilite du developpement des organismes pour evaluer la qualite de 1'environnement. Cette
methode est encore peu connue de la plupart des scientifiques en environnement et par
consequent encore peu utilisee en evaluadon de la qualite de 1'environnement.
Dans cette these, la pertinence de 1'instabilite du developpement des organismes a ete testee a
travers revaluation de la qualite de 1'environnement suite a 1'epandage de boues d'epuration en
milieu forestier. Une etude a egalement 6te realisee en milieu aquadque dans des conditions
semi-naturelles. Cette demiere 6tude avait pour objecdf de comparer la sensibilite de 1'instabilite
du developpement avec d'autres methodes plus couramment utilisees par les toxicologues en
environnement pour detecter les polluants chimiques dans les ^cosystemes.
Les sections suivantes ont pour principal objectif d'eclairer Ie lecteur sur les motivations qui
nous ont amenes a nous int^resser au concept d'instabilite du developpement des organismes
pour evaluer la qualite de 1'environnement.
Dans un premier temps, 1'^cotoxicologie en tant que discipline sciendfique pour evaluer la
qualite de 1'environnement sera defmie bnevement. Par la suite, les methodes classiquement
utilisees dans les programmes de surveillance de la qualite de Fenvironnement seront brievement
decrites, afm que Ie lecteur puisse apprehender les limites et les avantages de chacune de ces
methodes. Finalement, Ie concept d'instabilite du developpement sera aborde. Les objectifs
precis seront alors presentes atm d'annoncer la structure de ce travail de recherche.
1. I/ecotoxicologie
L'ecotoxicologie est une discipline relativement recente, qui est apparue comme une extension de
la toxicologie classique. La toxicologie etudie les contaminants a 1'echelle de 1'individu. Buder
(1978) et Monarty (1983) ont insiste sur la necessite d'integrer a la toxicologie les differents
niveaux d'organisation biologique et les interactions avec 1'environnement.
L'ecotoxicologie est une approche sciendfique qui integre la chimie, la toxicologie el Fecologie
pour evaluer les impacts des produits xenobiodques sur 1'ecosysteme (Koeman, 1983). Les
recherches ^cotoxicologiques incluent done la distribution et Ie comportement des contaminants
dans 1'environnement, 1'impact d'un ou de plusieurs contaminants sur 1'environnement, 1 impact
sur 1'organisme et 1'inten'elation enti'e 1'organisme et 1'environnement. L'ecotoxicologie a pour
but de signaliser, d'analyser et de predire les problemes environnementaux CVan Straalen et
Verkleij, 1991).
2. Les analyses chimiques en ecotoxicologie
L'^tude de la pollution de 1'environnement necessite une connaissance de la distribution des
polluants dans les ecosystemes et de leurs effets biocoenotiques.
A travers une etude de sui-veillance de la qualite de 1'environnement, trois groupes de donnees
sont principalement recherches. Le taux de liberation des polluants dans les milieux presumes
contamines. Ie degre et la vai-iadon de la contamination de 1'environnement, les effets
bioecologiques. Pour y parvenir, deux demarches existent : determiner les niveaux de
contamination des biotopes et evaluer les effets ecotoxicologiques.
Les methodes d'analyse chimique permettent generalement de detecter et de quandfier les
concentrations en polluants dans les compartiments abiodques (air, eau, sol et sediment) et
biodque (organismes vivants). Cependant, cette methode a plusieurs inconvenients. Les
analyses sont souvent couteuses et applicables seulement pour une petite proportion de
composes chimiques. Le nombre de composes chimiques anthropiques susceptibles de polluer
Penvironnement est considerable. En raison du cout eleve des analyses chimiques, seuls
quelques composes sont pris en comple dans les programmes de surveillance de la qualite de
1'environnement. Par exemple, 1'US-EPA suiveille 28 composes toxiques dans les eaux des
Grand Lacs (Canada, Etats-Unis) alors que la quandte de composes potendellement toxiques a
6t6 estimee a 500 dans les poissons des Grand Lacs (Passino et Smith, 1987).
En plus du cout 61ev6 des analyses chimiques, les techniques analytiques ne sont pas toujours
assez sensibles pour detecter les polluants. II est egalement possible que Ie compose chimique
recherche soit fugace et/ou labile, passant ainsi inaper^u au moment de la mesure. Cette
d^marche de stricte chimie analydque ne nous renseigne en aucun cas sur les effets des
contaminants sur Ie vivant et sur 1'etat de sante de 1'ecosysteme. II est necessaire de se referer a
des travaux de type dose-reponse pour tenter d'evaluer 1'impact des concentrations mesurees sur
la sante des organismes et des populations.
Par definition, les analyses chimiques ne sont d'aucune utility pour detecter et quantifier tous les
stress abiotiques autres que ceux de nature chimique (ex. : fragmentation de 1'habitat, presence
physique de dechets, pietinement de la vegetadon, perturbations des populations animales, etc.).
D'autres methodes basees sur les organismes vivants doivent eti-e mises en oeuvre pour pallier
les insuffisances des m^thodes d'analyses chimiques.
3. Les organismes vivants pour evaluer la qualite de I'environnement
En complement des analyses chimiques traditionnelles pour detecter et quandfier la presence de
polluants, tres vite les organismes vivants ont et^ mis a conti'ibution pour complete!' la
surveillance biologique de 1'environnement. Deux approches complementaires sont employees :
les indices de diversite, les indices biotiques, et les biomarqueurs. Les indices de diversite et les
indices biotiques, en se basant sur la presence ou 1'absence d'especes, doivent pouvoir apporter
des informations sur la qualite des habitats. Par contre, les biomai-queurs font refenence a des
mesures de parametres moleculaires, biochimiques, cellulaires, physiologiques ou
morphometnques chez des individus. En quantifiant les changements de ces pammetres chez les
organismes vivants, il est possible de detecter dans 1'environnement un stress abiotique tel que la
presence d'un polluant.
3.1. Les indices de diversite et les indices biotiques
Les mesures de la stmcture des communautes ont ete ti-aditionnellement utilisees pour evaluer et
surveiller les effets des stress sur les ecosystemes (Rosenberg et Resh, 1993). Les indices de
diversite permettent de mesurer la structure de la communaute, mais ne tiennent pas compte de
1'idendte des especes (Washington, 1984). A 1'oppose, les indices biotiques incorporent des
informations taxonomiques en ponderant chacun des taxons en fonction de sa sensibilite a la
pollution (Metcalfe, 1989). Les indices de diversite detectent des changements dans Ie nombre
d'esp^ces presentes et dans leur abondance relative. Les indices biodques, quant a eux, detectent
les changements dans Ie nombre d'esp^ces ou de families presentes dans une communaute. Des
descnpteurs mathematiques peuvent eti'e appliques pour comparer les communautes (e.g.
Gauch, 1982 ; Clarke et Warwick, 1994; Manly, 1994).
De nombreux facteurs naturels et anthropogeniques influencent la structure des communautes. Si
des differences dans la structure de la communaute sont detectees a cause d'un agent stressant, il
est tr^s difficile - voire impossible - de detemiiner tous les processus qui ont conduit a ces
changements. L'abondance des especes peut eti'e r^duite a cause des effets directs (augmentadon
de la mortalite, diminution de la fecondite...) ou indirects (augmentadon des compedteurs et/ou
predateurs, diminution du nombre de proies...) des agents stressants (DeAngelis, 1996). Des
r^ponses peuvent etre apportees en determinant (1) comment les agents stressants affectent
1'organisme des individus, et (2) quelles sont les consequences de ces effets au niveau des
populations et des communautes.
Les mesures du stress au niveau des communautes, telles que les indices biotiques et de diversite
ou les analyses multivari^es, sont utiles et sensibles pour decrire la sti'ucture des communautes,
mais sont insensibles si Ie niveau de stress est subl^tal (Gray et al., 1990; Dawson-Shepherd et
al., 1992). A des doses subletales, il se peut que des especes dominantes pollusensibles
decroissent en abondance. En consequence, les indices de diversite et d'equitabilite seront
61ev6s. L'indice de diversity diminuera seulement apres des effets plus toxiques sur les especes
de moins en moins pollusensibles. En conclusion, les changements de valeur des indices de
diversity constituent seulement des descripteurs valables de 1'etat des communautes pendant des
phases severes de pollution (Ramade, 1992).
3.2. Les biomarqueurs
Depuis ces dix demieres annees, les scientifiques en environnement s'interessent de plus en plus
a 1'utilisadon des biomai'queurs pour evaluer les dangers biologiques des produits chimiques
toxiques et plus g^neralement la sante de 1'environnement (Fossi et Leonzio, 1994).
Les biomarqueurs peuvent etne utilises pour evaluer 1'exposition des individus a des stress
chimiques (e.g. polluant) ou physiques (e.g. alteration de 1'habitat). Dans certains cas, il est
egalement possible d'evaluer les effets de ces stress sur les structures et les fonctions vitales de
1'organisme (Hugget et al., 1992; Lagadic et al., 1997).
De nombreux biomarqueurs sont utilises, tels que les mesures des acdvit^s enzymatiques
impliquees dans les processus de detoxication des polluants, 1'inhibition des cholinesterases par
les pesticides, les alterations de 1'ADN, les metaUothioneines, les proteines de stress, etc. Pour
une liste plus exhaustive. Ie lecteur poun'a se refdrer a McCarthy et Shugart, 1990; Hugget et al.,
1992; Fossi et Leonzio, 1994; Butterworth et al., 1995 et Lagadic et al., 1997.
Idealement, un biomarqueur doit eti-e sensible, specifique, rapide, simple, peu couteux et non
destructif (Walker 1996). A ce jour, aucun biomarqueur ne repond simultanement a 1'ensemble
de ces cnteres. Par ailleurs, afin d'evaluer 1'etat de sante des populations a partir des
biomarqueurs, il est primordial de definir clairement la relation entre Ie biomarqueur et les
composantes de la valeur adaptative des organismes (e.g. survie, croissance, reproduction).
Malheureusement, pour de nombreux biomarqueurs, ce type de correlation n'est pas encore
clairement defini. De nombreux u'avaux de recherche doivent eti'e entrepris pour detenniner
precisement la signification biologique des biomarqueurs aux niveaux des populations el dos
communaut^s.
Actuellement, la plupart des biomarqueurs utilises sont de nature biochimique, physiologiquc el
cytologique. Les biomarqueurs moiphometriques tels que 1'instabilite du developpemenl sonl
encore peu employes pour evaluer la qualite de 1'environnement. Dans Ie paragraphe suivant. Ie
lecteur poun'a se rendre compte du potentiel de ce type de biomarqueur dans les programmes
d'evaluation.
4. L'instabilite du developpement
L'aptitude de maintenir un phenotype moiphologique predetennine sous diverses conditions est
une propdete des organismes en developpement (Jones, 1987). La stabilite du developpement
est 1'apdtude d'un genotype precis a produire invariablement un certain phenotype dans un
environnement particulier. Plusieurs facteurs peu vent perturber la stabilite du developpement et
par consequent etre responsables d'une instabilite du developpement chez un organisme. Ces
facteurs peuvent etrc regroupes en deux categories : les facteurs environnementaux (e.g.
temperatures extremes, manque de nourriture, pollution, parasites, densite de population) et les
facteurs genedques (e.g. consanguinite, hybridation, aben-adons chromosomiques, genes
recessifs deleteres, perturbation de 1'eqilibre genedque) (revue dans Palmer et Strobeck, 1986;
Parsons, 1990; M0ller et Swaddle, 1997).
4.1. L?asymetrie fluctuante
La mesure de 1'instabilite du developpement la plus communement utilisee est 1'asymetrie
fluctuante (Graham et al., 1993a). La croissance et Ie developpement du cote droit et gauche des
organismes presentant une symetrie bilatemle est sous Ie controle du meme groupe de genes.
Ainsi, les deux cotes sont supposes se developper en parallele. L'asymetrie fluctuante est une
petite deviation aMatoire a partir d'une symetrie bilaterale paifaite qui resulte d'un stress
genedque et/ou environnemental durant Ie developpement (Van Valen, 1962; Palmer et Stobeck,
1986).
L'asymetrie d'un individu pour un caractene specifique correspond a la valeur de la mesure du
caract^re sur Ie cote droit moins la valeur de la mesure du meme caractere sur Ie cote gauche (d =
D - G). Par contre, 1'asymetde fluctuante est estimee a pailir d'un echandllon d'asymetries
individuelles provenant d'une cei-taine population. EUe est caracterisee par une distribution
normale de Di - Gi ay ant une moyenne (p-d) egale a zero. La vai-iance de Di - Gi represente la
mesure de 1'instabilite du developpement. L'asym6trie fluctuante peut etre estimee a partir de
nombreuxcaracteresd'un organisme, mais son amplitude vaiie grandement entre les individus
et entre les caracteres d'un meme individu (Palmer et Strobeck, 1986; M0ller et Pomiankowski,
1993; Watson et ThomhiU, 1994).
L'asymetne fluctuante existe a differentes echelles. C'est-a-dire que toute structure est
asymetrique a une certaine echelle. Certaines asymetnes sont evidentes, comme Ie corps des
poissons plats et des escargots, les grandes pinces des homards et des crabes violonistes. Les
premiers travaux s'attarderent sur de tels organismes. Mais les autres asymetries, incluanl
1'asymetrie fluctuante, sont extnemement subtiles, de 1'ordre de 1% de la taUle du caractei-e ou
moins, et requi^rent d'importantes precautions pour les detecter (Palmer, 1996).
Les mesures de I'instabilit^ du developpement ont ete elaboi-ees pour des caract^res montrant un
certain degre d'in variance. En mathematique, un invanant est une quandte qui n'est sujette a
aucune variation ou changement. La symdtrie s'approprie ce concept (Weyl, 1952). Par
exemple, un cai'actere bilateral symetrique est invariant si seulement 1'axe de symetrie est pris en
consideration. Cette invanance est conservee meme si 1'echelle change, comme c'est Ie cas
pendant la croissance. Ainsi, ces cai'acteres peu vent etre appeles des invariants "du
developpement".
Au cours de la vie des organismes, 1'invariance du developpement n'est jamais parfaite.
N^anmoins, certams cai'acteres presenteront une invaiiance statistique. Par exemple, pour un
echantillon donne d'individus (i = 1 a n), la moyenne de la difference entre les cotes droit (D) et
gauche (G), xd = (Di - Gi) / n, pour un caractere bilateral symetrique, tend vers zero quand n
augmente. La variance de Di - Gi est une mesure de la deviation par rapport a cette moyenne.
II est a noter qu'il existe d'autres mesures de la stabilite du developpement. La plus connue et la
plus udlis6e est basee sur la fr^quence des phenotypes deviants (Rasmuson, 1960; M0Uer el
Swaddle, 1997). Un phenotype deviant fait rdf^rcnce a un caractene dont la valeur chez un
individu s'ecarte largement de 1'etendue « normale » de ce caractere. Pour chaque cai-actene ainsi
d6cnt, il est necessaire de justifler et de definir precisement ce qui est considere comme « noiTnal
» (Palmer, 1994). Graham et al. (1993 a; c) proposent aussi d'autres mesures potendelles
basees sur Ie concept d'invariance du developpement. Ces analyses font appel a d'autres formes
de symetrie : la phyllotaxie chez les plantes, la spirale equi-angulaire chez les mollusques et les
plantes, et la dimension fractale d'embranchement et de sutures chez les plantes et les animaux.
Toutes ces mesures sont rcliees a 1'asymetrie fluctuante, en ce sens qu'elles peuvent presenter
des deviations a partir d'une certaine fonne de symetrie.
4.2. Modele et processus
L'asym6trie fluctuante est un module de la variation enti'e les cotes droit et gauche au sein d'un
echandllon d'individus. II iiefl^te un compromis du developpement enuie deux processus
pr6sum6s independants mais opposes (Fig. 1; Palmer, 1994):
- Ie bmit du developpement (ou instabilite du developpement) : suite de processus qui tendent a
perturber la precision du d^veloppement, tels qu'une faible difference aleatoire dans la vitesse de
division, de croissance et de changements de formes des cellules, des effets de bmit thermique
sur les processus enzymadques, des pedtes differences aleatoires dans la vitesse des processus
physiologiques entre les cellules;
- la stabilite du developpement : suite de processus qui tendent a combattne ou a lemporiser la
perturbation de la precision du developpement, tel que les systemes de retrocontrole negadt' qui
regulent 1'activite enzymadque (concentradon et vitesse catalytique) a 1'interieur et entre les
cellules, la regulation nerveuse centi'ale ou hormonale des stmctures non contigues. L'asymetne
fluctuante peut r^sulter d'une augmentation du bruit du developpement et/ou d'une diminution
de la stabilite du developpement (Mather, 1953; Van Valen, 1962; Palmer et Strobeck, 1992).
Si la stabilite du d^veloppement etait r^ellement une caractensdque de 1'ontogenese, alors les
modifications dans la stabilite du developpement apparaitraient au niveau moleculaire d'un
organisme, mais aussi dans son fonctionnement physiologique. Ainsi, plusieurs approches
diff^rentes sont envisageables pour caracteriser 1'homeostasie (Zakharov et Graham, 1992).
L'instabilite du developpement trouve son origine dans des perturbations non lineaires faibles el




Fig. 1. L'ampleur de Pasymetrie fluctuante reflete un compromis enti-e deux processus opposes:
Ie bruit du developpement et la stabilite du developpement (d'apres Pahner, 1994).
Le mouvement brownien des molecules et des atomes poun-ait etre 1'acteur pnncipal du bmit du
developpement (Reeve, 1960; Soule et Cuzin-Roudy, 1982).
4.3. Le stress en tant que facteur influen^ant la stabilite du developpement
La reponse d'un organisme en developpement, face a des perturbadons mineures, est influencee
par un stress soit gen6tique, soit environnemental. Le stress peut etre defini comme : i) une
influence negative sur la reproduction ou la survie, ii) une perturbation des processus
physiologiques normaux, et iii) un epuisement de "1'energie" d'un organisme. Le stress a des
effets sur une communaute ou un ecosysteme seulement s'il affecte la valeur adaptative des
individus. Neanmoins, les trois aspects sont eti'oitement lies. La perturbadon des processus
physiologiques et une augmentation de la peite d'energie doivent s'observer avant un declin de
la valeur adaptative. Ces trois mecanismes r^duisent la stabilite du developpement.
Freeman et al. (1993) et Graham et al. (1993b) suggerent que dans un premier temps, Ie stress
perturbe les liens des voies metaboliques. Par exemple, la mutation d'une enzyme peut perturber
une voie tout endere. De meme, en changeanl la temperature, Ie pH ou la pression
atmospherique ou bien en introduisant une toxine dans les cellules, il est possible d'arriver au
m8me resultat. Comme Ie developpement depend des interactions entre les cellules ainsi que des
reponses cellulaires aux signaux moleculaires, Ie developpement sera perturbe.
4.4. L?instabilite du developpement pour evaluer les stress environnementaux
Dans les annees 20, les geneticiens ont commence a utiliser les deviations aleatoires a partir de la
sym^trie bilaterale (asymetrie fluctuante) comme un indicateur de 1'instabilite du developpement
(Summer et Huesds, 1921, Timofeef-Ressovsky, 1934). Dans les annees 70, les g6neticiens
r6aliserent que Fasymetrie fluctuante poun'ait aussi eti'e udlisee pour examiner 1'impact du stress
environnemental sur les organismes. Adams et Niswander (1967) suggeraient « qu'il est
possible qu'un important stress environnemental (i.e. teratogene) puisse augmenter 1'asymetde
». En 1973, Valentine et al. ont teste 1'asymetne fluctuante comme mesure possible du stress
environnemental. Us ont monti'e que les poissons habitant les eaux polluees du sud de la
Califomie pr6sentaient une augmentation de 1'asymetde enti'e les nageoires pectorales droites et
gauches. Dans une etude du meme ordrc, Valentine et Soule (1973) rapportent que 1'asymetrie
fluctuante des rayons des nageoires chez Leuresthes tenuis augmente avec la concentration en
DDT. Depuis 1973, d'autres eludes rcalisees sur des populations vegetales ou animales ont mis
en evidence une instability du d^veloppement causee par divers stress environnementaux
abiodques (voir Tracy et al., 1995; M0ller et Swaddle, 1997; Tableau 1). Ces resultats
contnbuent a considerer 1'instabilit^ du d6veloppement des organismes comme un outil perdnent
pour evaluer la qualite de 1'envu'onnement. De plus, plusieurs ti'avaux suggerent que les
composantes de la valeur adaptadve peu vent eti'e evaluees a partir des mesures d'instabilite du
developpement (pour une revue voir Sommer, 1996; M0ller, 1997; Clarke, 1998). Plusieurs
eludes ont montre que I'asymetrie fluctuante est inversement proportionnelle a la valeur
adaptative (e.g. Thomhill et Sauer, 1992; Harvey et Walsh, 1993; Naugler et Leech, 1994;
Ueno, 1994). R^cemment, Ie travail de M0ller (1999) semble confiiTner que 1'asymetrie
fluctuante est une m6thode efficace pour predire la performance des parametres de la valeur
adaptadve tels que la croissance, la fecondite et la longevite. Ainsi, la stabilite du developpement
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Tableau 1. Exemples de stress d'origine anthropique ayant entraine une instabilite du
developpement chez diverses esp^ces veg^tales et animales.
Stress environnemental Especes Reference































Tracy et al. 1995
Midgley et al. 1998
M0ller 1998
Clarke 1993
Groenendijk et al. 1998
Mouche : Miisca vetiistissima Clarke et Ridsdill-Smith 1990
Poisson: Gasterosteus acu.elatus
(epinoche)
Truite : Oncorhynchus mykiss
Perche: Perca fluviatiUs
Grenouille: Rana ribibunda






Humain : Homo sapiens
Bonzom et aL; Chapitre 4 :
publi 1
Leary el al. 1992
Ostbye et al. 1997
Chubinishvili 1998
Zakharov et al. 1997
M0ller 1992a
Wauters et al. 1996
Pankakoski 1992; 1994
Manning et Chamberlain 1994
Keisser 1992
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des individus pourrait servir de biomarqueur sensible in situ de la valeur adaptadve des
populations (Sommers, 1996).
Une cridque hypothedque, concemant 1'utilisation de 1'asymetrie fluctuante pour evaluer la
stabilite du developpement, reside dans Ie fait que les ecaits par rapport a la symetne ne doivent
pas avoir une base hereditau-e (Palmer et Strobeck, 1992). En effet, si ces ecarts sont
hereditaires, alors les differences dans 1'etendue de 1'asymetrie, panni les individus, ont une
base genedque, et une autre non g6netique. A moins que la composante g^nedque puisse eti-e
ecartee, la difference entre D - G ne pourrait pas refleter la stabilite du developpement. Le debat
est egalement centre sur la fiabilite de 1'asymetne du-ectionnelle (AD) et de 1'andsymetrie (AS)
pour mesurer la stabilite du developpement. Aussi il est conseille d'etre pmdent quand ces
formes d'asymetrie (i.e. AD et AS) sont observees (Fig. 2) (Palmer et Strobeck, 1986;
McKenzie et Clarke, 1988; Leary et Allendorf, 1989; Markow, 1992; Palmer et Strobeck, 1992;
Graham et aL, 1993b; McKenzie et O'Farell, 1993; M0ller, 1994; M0ller et Swaddle, 1997;
Palmer et Strobeck, 1992).
/ /
D-G D-G D-G
Fig. 2. Les trois distnbutions de D - G communement rencontrees chez les organismes
bilateraux : a) asymetrie fluctuante (AF), b) asymetne dii'ecdonnelle (AD), c) antisymetrie
(platykurtic ou bimodale). D = droit; G = gauche (d'apr6s Palmer, 1994).
L'asymetne fluctuante peut done eti'e utilisee comme oudl pour estimer la sante, la qualite ou la
stabilite du developpement des organismes et par consequent la sant^ d'un ecosysteme.
Get outil apparemment simple atdne 1'attention, mais son application sans discemement a aussi
engendre beaucoup de scepticisme. De nombreux questionnements subsistent quant a h
puissance et a la fmbilite de cet outil. II faut reconnaltre que Ie signal biologique est extremement
faible et que toutes les deviations par rapport a la symetrie ne foumissent pas un signal pertinent.
Cependant, utilisee avec precaution, 1'asymetrie fluctuante offre un outil unique pour des
comparaisons quandtatives de la precision du developpement a travel's une grande vaiiete
d'organismes, de caract^res et de stress (Palmer, 1994).
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OBJECTIFS SPECIFIQUES
Cette these est organisee en 4 chapitres.
L'objecdf principal de cette th^se etait de d^montrer la pertinence de 1'asymetrie fluctuante
comme biomarqueur morphometnque pour evaluer la qualite de 1'environnement.
Pour atteindne cet objectif, 1'impact de 1'epandage des boues d'epuration sur la qualite de
1'environnement a ete evalue a pailu' de mesures d'asymetiie fluctuante chez deux especes
animales (un micromammifere herbivore et un insecte predateur) (Chapitre 3).
Des concentrations en contaminants (metaux lourds et parasites) ont ete detei-minees chez des
especes animales et vegetales. La croissance des arbres a egalement ete mesuree (Chapitre 2).
Ainsi, il a 6te possible de valider en parde les resultats obtenus a paitir de Fasymetrie fluctuante
pour evaluer la qualite de 1'environnement.
Les travaux presentes dans les chapitres 2 et 3 avaient aussi pour objecdf final de contdbuer a
valider la reglementation 6tablie par Ie Ministerc de 1'environnement du Quebec concemant la
valorisation sylvicole des boues d'epuration municipales.
Avant de presenter les chapitres 2 et 3, Ie lecteur peu familiarise avec la problematique des boues
d'epuration, trouvera dans Ie chapitre 1 un certain nombre de reponses a ces mten'ogations :
Qu'est-ce que des boues d'epuradon ? Pourquoi les epandre en milieu foresder ? Pourquoi
evaluer 1'impact des boues sur la qualite de 1'environnement ? Quels sont les risques pour
1'environnement et plus particulierement pour la faune ?
Finalement, Ie demier chapitne (Chapitre 4) avail pour principal objectif de comparer la
sensibilite de 1'asymetrie fluctuante par rapport a d'autres biomarqueurs plus couramment




Les resultats et les discussions des travaux de recherche de cette th^se sont presentes sous forme
de publications. Cette section comporte 4 chapitres. Chaque chapitre comporte une ou plusieurs
publications. Les publications seront precedees d'une breve introduction pour guider Ie lecteur
tout au long de cette section.
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CHAPITRE 1
LA VALORISATION SYLVICOLE DES BOUES
Publication 1. Valorisation sylvicole des boues de stations cTepuration municipales au Quebec
: les risques pour la faune. Cahiers d'etude et de recherche francophones/Agricultu.res (a
soumettre)
La valorisation sylvicole des boues de stations d'epuration des eaux usees en milieu forestier est
encore au stade experimental dans de nombreux pays. Cette publication presente la situation
quebecoise.
Ce chapitre presente les sujets suivants:
• les problemes lies a la gestion des boues,
• les differentes solutions pour les gerer,
• leurs caracteristiques,
• leurs impacts potentiels sur 1'environnement et en particulier sur la faune.
Des recherches sont encore necessaires pour evaluer ad^quatement les impacts des epandages de
boues sur les ecosystemes forestiers. Ce chapitre permettra au lecteur de prendre conscience de
1'importance des travaux de recherche menes au corn's de cette these (Chapiti'es 2 et 3).
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Valorisation sylvicole des boues de stations cPepuration municipales au Quebec
: les risques pour la faune
Jean-Marc Bonzom\ Caroline Cloutier' e^, Sophie Belleville', Jean-Marie Bergeroni
1: Groupe de Recherche en Ecologie, Nutfition et Energetique, Departement de Biologie,
Universite de Sherbrooke, Sherbrooke (Quebec), J1K 2R1, Canada
2 ; Groupe HBA experts-con sells, 150 rue Marchand, Bureau 600, Drummondville (Quebec),
J2C4N1, Canada
Resume
La valorisadon sylvicole des boues de stations d'epuration des eaux usees municipales s'mscrit
dans une approche de conservation des ressources (elements nutritifs, madere organique) et de
developpement durable. Ce mode de gestion est complementaire a la valorisation agricole,
notamment dans Ie cas des municipalites ou 1'agriculture est peu ou pas presente. Les boues de
stations d'epuradon municipales condennent des elements nuti-itifs necessaires a la croissance
des plantes. EUes constituent un excellent engrais et amendement organique. Leur epandage en
milieu foresder permet d'ameliorer la croissance de nombreuses especes d'arbres. Des 1991, Ie
Ministene de FEnvironnement du Quebec (MEF) a edite un Guide de Bonnes Pratiques pour
r^glementer la valorisadon sylvicole des boues de stations d'epuration des eaux usees
municipales. Cependant, la presence d elements traces metalliques, de composes organiques de
synthese et d'organismes pathogenes dans les boues est une source de preoccupation legitime
pour Ie public et les representants locaux (forestiers, chasseurs, randonneurs, riverains etc.), et
cela meme si la valorisation s'effectue selon des criteres et des nonnes restrictives. Plus
pr6cisement, la presence de ces contaminants suscite des inten-ogations quant a leurs eventuels
impacts sur la faune et sur la flore, et done sur la sante humaine via la chaine alimentaire. A ce
jour, peu d'eludes de ten'ain ont ete realisees concemant 1'impact des contaminants sur la faune,
suite a la valorisation de boues de stations d'epuration. Ces etudes montrent que lorsque la
qualite des boues et les taux d'application sont conformes a la reglementadon en vigueur,
1'epandage des boues ne semble pas avoir d'impact negatif sur la qualite des ecosystemes
forestiers. Des travaux de recherche sont encore necessaires pour etudier les impacts a long
terme des epandages de boues sur les ecosystemes forestiers. Une meilleune connaissance des
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impacts permettra de rassurer la population encore soucieuse d'une telle pratique et peiTnetti'a
ainsi de perenniser cette flliere qui semble eti'e la voie la plus respectueuse pour 1'environnement.
Mots cles : Boue d'epuration, Quebec, Foret, Contaminants, Faune, Risque.
Le rejet d'eaux usees non traitees dans les corn's d'eau est une source impoitante de pollution
domestique du milieu aquatique. Dans Ie but de diminuer la polludon du mUieu aquadque par les
eaux usees, Ie gouvemement quebecois a elabore en 1978 Ie Programme d'Assainissement des
Eaux du Quebec (PAEQ). Ce programme comprend trois volets : urbain, agricole et industidel.
Le volet urbain avail pour objecdf piincipal 1'installadon d'equipement de traitement des eaux
usees dans les municipalites pourvues de reseaux d'egouts. Ces mesures avaient pour but de
reduire la pollution par la matiere organique, les matieres solides en suspension, les phosphates
et les micro-organismes (MENVIQ , 1990; Vasseur et aL, 1994). A present, les eaux usees de
85 % des quebecois re^oivent au moins un traitement pnmaire (Couillard, 1989).
Cependant, si les stations d'epuradon peimettent de rejeter dans Ie milieu une eau de qualite
acceptable pour 1'environnement, il n'en est pas moins vrai qu'elles produisent des quaiitites
considerables d'un residu organique appele boue d'epuradon. En 1994, les eaux usees de 400
municipalites et communautes urbaines quebecoises dessei-vies par un reseau d'egout etaient
traitees par un systeme d'epuration (Ministere des Affaires Municipales du Quebec, 1995). II est
pr6vu qu'a la fin de 1'annee 1999, 877 municipalites ou communautes desservant
5 755 000 personnes, seront munies d'un systeme d'epuradon des eaux usees. Ces systemes
produiront ainsi pres de 200 000 tonnes de maderes seches de bouesz. L'identificadon de
solutions pour la gestion de ces quantites croissantes de boues est done une priorite et constitue
la seconde phase du PAEQ (Vasseur et ai, 1994).
MENVIQ : Minist^re de 1'Environnemeut du Quebec
2 L'estimation du volume ultime des boues est basee sur Ie volume de 1994 auquel sont ajout6s les volumes
future qae g6n6rcront les usines de La Pini^re (Laval) et les 19 projets prioritaircs des stations (Tepuration
identifies par Ie ministfere des Affiaires munidpales.
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1. La gestion des boues residuaires municipales : la valorisation sylvicole
En 1994, les municipalites genemient 162 000 tonnes de maderes seches de boues dont
seulement 11 000 tonnes (environ 7%) etaient valorisees en milieu agricole, en hoiliculture ou
utUisees comme combustible (MEF, 1995). Pres de 130 000 tonnes produites dans les regions
de Montreal et de Quebec etaient incinerees et 21 000 tonnes etaient envoyees a 1'enfouissement
sanitaire. Comme il a ete mentionne en introduction, a la fm de 1'annee 1999, 200 000 tonnes
(maderes seches) de boues par an devront etre gerees. Actuellement, a 1'echeUe de la province du
Quebec, environ 80 % des boues sont incinerees, 13 % enfouies et 7 % valorisees comme
fertUisant (Couillard et Grenier, 1990; MEF, 1995).
Depuis quelques annees, les couts associes a 1'enfouissement sanitaire sont de 1'ordre de 20 a
40 $ Can / tonne humide (transport compris). Us representent une part impoitante des couts de
fonctionnement des stadons d'epuradon qui udlisent cette voie d'elimination de leurs boues. Les
couts associes a 1'incineration sont encore plus eleves, atteignant pres de 100 $ Can / tonne
humide en 1996 (adapte de Boileau et associes, 1989). L'incineradon et 1'enfouissement sont
des solutions couteuses et polluantes (Hamilton et al., 1984; Couillard, 1989; MENVIQ et
MAPAQ , 1991; Beauchemin et ai, 1993). Elles necessitent des installations (usines
d'incineration, centres de stockage...) de mains en mains bien acceptees par des citoyens
soucieux de la qualite de leur environnement. L'enfouissement sanitaire et 1'incineration ne
permettent pas de recycler les 616ments fertilisants contenus dans les boues municipales. Grace a
leurs teneurs elevees en azote, phosphore, potassium et micronutriments, ceitaines boues
d'epuration peuvent etre utilisees comme feililisant des ten'es agricoles et forestieres. La
valorisadon des boues consiste a les utiliser comme fertilisant pour les plantes, en capitalisant
leur contenu en elements nuti'idfs et en se servant de la capacite du sol a les recycler (Hamilton et
a/., 1984; Couillard, 1989; Grenier, 1989; MENVIQ et al., 1991). Les boues agissent egalement
comme amendement organique (Bontoux, 1999). EUes contribuent a maintenir la structure, la
capacite d'echange cadonique. Ie pouvoii- de retention de 1'eau et des elements nutdtifs, et
1'activite biologique du sol (OTV, 1997).
Actuellement, la valorisation agricole des boues semble constituer une soludon interessante pour
les eliminer. D'ailleurs, plusieurs municipalites du Quebec ont deja realise un projet de
valorisation agricole, ou pradquent deja ce mode de gestion des boues. Les villes de Jonquiere,
3 Boue : tout au long de ce travail, Ie mot boue fait n6f6rcnce aux boues r6siduaircs issues du traitement des eaux
us6es urbaines dans les stations (f^puration.
4 Tous les tanfs sont donn6s en dollar canadien, soil environ 4 FF pour 1 $ Can.
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Victoriaville, Laval, Sherbrooke, la Communaule Urbaine de 1'Outaouais (CUO) et plusieurs
autres petites municipalites pratiquent la valorisation agricole (Granger et al., 1993).
La valorisation agncole presente cependant quelques contraintes. II existe en effel plusieurs
regions au Quebec dotees d'usines d'epuradon ou F agriculture n'esl pas ou peu presente
(Grenier et Couillard, 1989). De plus, toutes les superficies agricoles ne peuvent pas recevoir
annuellement des boues. Certaines restrictions d'epandage s'appliquent pour les cultures
destinees a Palimentation humaine. Plusieurs supei'ficies agricoles sont aussi reservees a
1'epandage des fumiers et des Usiers qui doivent eti'e valorises de fagon prioritaire. Les politiques
agricoles actuelles tendent aussi a diminuer les surfaces disponibles (augmentation du nombre de
jacheres, diminution du nombre d'exploitadons). Par ailleurs, en raison du public de plus en
plus soucieux de la qualite des produits de consommation, I'epandage en milieu agricole risque
de devenir de plus en plus problematique. Dans ce contexte, la valorisation sylvicole des boues
permettrait d'augmenter les superficies disponibles, de reduire les volumes enfouis ou incineres
et d'assurer un developpement plus durable de la ressource en recyclant les elements feiHlisants
des boues. Grenier et Couillard (1989) mendonnent que 1'epandage de boues en foret est une
operation techniquement realisable. Cette pratique peut eti'e integree dans un plan
d'amenagement forestier ou cette foiTne paiticuliere de fertilisation serait couplee a des
operations sylvicoles. Ces deux auteurs font etat d'essais realises en miUeu foi'estier au cours
des vingt dernieres annees, essais qui ont demontre 1'effet benetlque de 1'application de boues
sur la croissance des arbres.
Bien que quelques projets soient en cours aux Etats-Unis depuis les annees 1970 (Sopper et
Kerr, 1977; US EPA6, 1983; Spencer et Machno, 1986), tres peu de projets de valorisation
sylvicole ont €\& realises au Quebec. Des 1991, pour reglementer cette pradque, les ministeres
quebecois de 1'Environnement, des Forets et de la Sante et des Sei-vices Sociaux ont edite un
Guide de Bonnes Pradques intitule : « valorisation sylvicole de boues de stadons d'epuration
municipales » (MENVIQ etal., 1991). Ce guide repond a des objectifs d'elaboradon de criteres
reladfs a 1'environnement et a la sante sur lesquels repose la valorisation sylvicole des boues. U
vise egalement ^ sensibiliser les gestionnaires des stations (Tepuration, les entrepnses
foresti^res, les ingenieurs forcstiers, les biologistes, les environnementalistes et tous les
individus desireux de valoriser les boues en milieu forestier, et a leur fournu- 1'infoiTnation
technique atm d'uniformiser la d6marche ^ suivre dans un tel programme de valorisation. Les
criteres de bonnes pratiques de ce guide sont bases en grande partie sur Ie guide de bonnes
5 MAPAQ : Ministerc de 1'Agriculturc, des Pecheries et de 1'Alimeiitation du Quebec
6 US-EPA : Agence de Protection de 1'Environnement des Etals-Unis
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pradques / valorisation agricole de boues de stations d'epuration municipales (MENVIQ et
MAPAQ, 1991) et sur les resultats de travaux de recherche realises dans d'autres pays et
d'autres provinces (Etats-Unis, Grande-Bretagne, France, Ontario) (MENVIQ et aL, 1991). II
est aussi fonde sur les connaissances des 6cosystemes forestiers quebecois : sol, vegetadon,
eau, climat, topographie, conditions ecologiques, pedologiques et environnementales (MENVIQ
et al., 1991). Depuis, Ie guide dvolue en fonction des nouvelles informations recueillies dans les
programmes de valorisation qui ont eu lieu, de 1'evolution technique de la valorisation el des
resultats locaux et internadonaux de la recherche dans ce domaine. Ainsi, en 1997, les exigences
a respecter concemant les criteres relatifs a la qualite des boues et aux cai-acterisdques du milieu
recepteur sont devenues plus strictes (MEF, 1997). La reglementation est encore susceptible
d'evoluer en foncdon des eludes a venir.
2. Les contaminants presents dans les boues
Les boues contiennent des elements nutritifs pour les plantes (azote, phosphore, potassium, etc.)
mais aussi des contaminants tels que les elements traces metalliques, les molecules organiques
de synthese et les organismes pathogenes. La concentration en contaminants dans les boues
vane d'une station d'epuradon a une autre, selon la part respective des apports domestiques,
industriels, commerciaux ou de ruissellement urbain (Couillard, 1989) et selon Ie type de
traitement employe (Vasseur et al., 1994).
2.1. Les elements traces metalliques /'
Les boues renferment des metaux lourds (Cd, Cu, Ni, Pb, Hg, Al, Cr, Zn, etc.), en teneur
generalement inferieure a 1% du poids sec (Chang et ai, 1984). L'addition de coagulants et de
floculants chimiques, lors du ti'aitement physico-chimique des eaux usees, tels 1'alun et Ie
chlomre ferrique, entraine la production de boues particuli^nement nches en aluminium (Al) ou
en fer (Fe) (MENVIQ et MAPAQ, 1991; Beauchemin et Laverdiere, 1993).
2.2. Les composes organiqiies de synthese
Des traces de certains composes organiques de synthese sont susceptibles de se retrouver dans
les boues; situation fort complexe, vu Ie grand nombre de composes organiques existants
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(CouUlard et Grenier, 1990; MENVIQ et MAPAQ, 1991; CouiUard et Chouinard, 1993). Les
hydrocarbures aromatiques polycycliques (HAP), les biphenyles polychlor^s (BPC) et les
phtalates sont les polluants les plus susceptibles de s'accumuler dans les boues lors du traitement
des eaux usees (Couillard, 1989).
2.3. Les organismes pathogenes
En raison de leur engine fecale, les boues renferment des organismes pathogenes. Les plus
connus sont les virus, les bactenes enteriques, les protozoaires et les vers (B urge et Marsh,
1978,Pahren^a/., 1979).
3. Les preoccupations des citoyens face a Pepandage en milieu forestier
La presence potentielle de contaminants dans les boues est une source de preoccupation legitime
pour Ie public et les representaux locaux (forestiers, chasseurs, randonneurs, residants, etc.).
Soucieuse de la qualite de 1'environnement, la population s'interroge sur les impacts de
1'epandage des boues sur la sante des ^cosystemes forestiers. De nombreuses inquietudes
concement les effets des contaminants sur la faune, la flore et sur la sante humaine. L'epandage
des boues en milieu forestier est une source de preoccupations plus importante qu'en milieu
agricole. Plusieurs raisons peuvent expliquer ce phenomene : (1) en milieu agricole, il est
possible de conti'oler, en partie, 1'exposition directe des grands mammiferes aux boues
valonsees en interdisant, a 1'aide de clotures, 1'acces aux parcelles pendant une periode
determinee. Par centre en milieu foresder, ce type d'intervention est impradcable, (2) la
valorisation sylvicole des boues municipales est encore au stade expenmental au Quebec et nos
connaissances des impacts sur la faune locale sont restreintes.
4. Impacts sur la faune
En raison des phenomenes de bioaccumuladon et de bioamplificadon, la chaine alimentaine
constituerait la pnncipale voie d'exposition de la faune aux elements traces metalliques et aux
composes organiques de synthese. La bioaccumulation consiste en 1'absorption et au stockage
des contaminants par les organismes vivants (Calow, 1993). La bioamplification i-esulte, quant a
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elle, du transport des contaminants d'un niveau trophique a 1'autre dans la chaine alimentaire,
provoquant une augmentation des concentrations obsei'vees a chaque niveau (Calow, 1993). Par
consequent, plus Ie niveau trophique est eleve (animaux carnivores, humains...), plus les
.organismes vivants sont susceptibles d'eti'e exposes a une grande concentration de
contaminants.
D'autres sources de contamination sont a considerer. Anderson et al. (1982) soulignent la
possibilite que des boues soient ingerees directement par les animaux : par adherence des boues
aux vegdtaux consommes ou par Ie toilettage du pelage et des plumes souillees par des bones.
D'autre part, plusieurs auteurs ont signale que 1'ingesdon de sol, amende, par les animaux
brouteurs (Jones etai, 1979; Chaney, 1980; Anderson etal., 1982) ou les oiseaux qui picorenl
ou capturent les invertebres du sol (Wade et aL, 1982) constitue egalement une voie dc
consommation accidentelle des boues et done de contaminants.
Les poussieres, les eaux de surface et souterraines sont aussi d'auti'es voies de conuuni nation
(Fitzgerald, 1980).
4.1. Les risques associes aux metaux
Plusieurs etudes ont monu'e qu'il existe un potendel d'absorption et d'accumulation de mciaux
contenus dans les boues par la faune frequentant des aires de valorisation (e.g. vers de lenv :
HQlmkeefaL, 1979; Woodyard, 1986; micro-mammiferes : Hegsti-om et West, 1989; Bon/om
etal., 1998; 1999; canards colverts : Goldberg et Yuill, 1990; cerfs de Virginie : Woodyard,
1986). Malgre tout, les concentrations mesurees ne semblent pas eti'e toxiques pour les especcs
etudiees. Cependant, en raison des conditions expenmentales differentes selon les eludes, il esi
difficile de degager des tendances nettes (sites d'epandage, type de boues, concentrations en
metaux, origine des boues, etc.).
La bioaccumuladon des metaux depend beaucoup de leur biodisponibilite dans Ie milieu
(Chaney, 1980). La biodisponibilite d'un metal est foil complexe a comprendre et a analyser.
Elle depend de sa concentration dans Ie sol (Baker et a/., 1977; Bingham, 1979) et de sa forme
chimique, qui varie elle-meme selon des facteurs edaphiques (pH, capacite d'echange
cationique, type de sol...) et climatiques (temperature, humidite...) (Linnman et al., 1973;
Chaney, 1980; Kuo et Baker, 1980; Harter, 1983; Jing et Logan, 1992; Mesquita et al., 1994).
Le Quebec presente des facteurs ddaphiques et climatiques diversify et, qui lui sont bien
specifiques. Appliquer des criteres de bonne pratique pour une region et une situation donnee
(par exemple : un des ecosystemes forestiers quebecois) en se basant sur des resultats obtenus
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dans d'autres pays (climat) ou d'autres conditions (sol agricole) compoile done des risques. B
est indispensable d'^valuer les risques, pour la faune sauvage, de bioaccumulation des metaux
presents dans les boues 6pandues au sein des ecosyst^mes foresders quebecois. Une
contamination de ces animaux peut representer un risque pour leur propre sante, mais aussi pour
la sante humaine par la voie de la chame alimentaire (consommation de gibier).
4.2. Les risques associes aiix composes organiques
Plusieurs auteurs rapportent la presence de composes organiques de synthese dans les plantes
suite aleur exposition aux boues (pour une revue voir Couillard et Chouinard, 1993). Trois
modes de b'ansfert dans les vegetaux sont possibles : 1'adsorption par Ie systeme racinaire,
1'absorption par les parties a^nennes suite a la volatilisation de composes organiques presents
sur Ie sol (Weber et Mrozek, 1979; Strek et Weber, 1982; CouiUard et Grenier, 1990) ou encore
1'adsorption par Ie feuillage lors de la pulverisadon des boues sur les plantes (Couillard et
Chouinard, 1993). Ce demier mode de contamination ne persiste que quelques semaines apres
Fepandage.
Les animaux peuvent etre exposes aux contaminants organiques via la chaine alimentaire, mais
aussi par ingestion de boues et/ou de sol et par inhalation de composes volatils et de poussieres
contaminees (CouUlard et Chouinai'd, 1993). Couillard et Chouinard (1993) presentent
differentes eludes demontrant claii'ement que les organismes du sol peuvent atteindre des
concentrations 61evees en composes organiques.
En raison du caract^rc lipophile de la plupart de ces composes, Us ont un fort potendel de
bioaccumulation et sont done susceptibles de se retrouver dans les graisses animales et dans les
lipides du lait (Moore et Moore, 1976; Dacre, 1980; Couillard et Chouinard, 1993). Les
composes halogenes seraient les plus susceptibles d'eti'e bioaccumules (Couillard et Chouinard,
1993).
Aucune 6tude de bioaccumulation des composes organiques de synthese presents dans les
boues, autre que celles citees par Couillard et Chouinard (1993), n'a ete relevee dans cette revue
de litterature. Couillard et Chouinard (1993) rapportent que les seuls cas d'accumulation de
contaminants organiques ont eu lieu lorsque les animaux vertebres etaient exposes a des boues
tres contaminees qui ne respectaient pas les normes qu^becoises. Le nombre d'etudes
consultsees par ces auteurs est cependant i-estreint et des conclusions generales sont done
difficiles a dresser.
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L'information disponible pour les animaux, quant au risque associe a la presence de
contaminants organiques dans les boues est tres limitee et elle s'applique peu sou vent aux
^cosystemes foresders et a la faune sauvage. Aucune elude ne rapporte de resultats sur
Taccumulation de composes organiques par la faune et les animaux d'elevage suite a la
valorisation de boues en milieu forestier. Contraircment aux metaux lourds, les effets toxiques
des contaminants organiques sont tr^s peu connus et tres difficiles a cemer (Bontoux, 1999). La
r^glementation repose sur un nombre deludes sciendfiques relativement limite (Bontoux, 1999).
4.3. Les risques associes aux organismes pathogenes
La transmission d'organismes pathogenes a la faune, par Ie biais des boues, poun'ait avoir les
impacts suivants : (1) une augmentation de Foccun'ence des parasites et des autres organismes
pathogenes chez la faune, (2) une diminution de la sante des individus et, par Ie fait meme, une
reduction de la resistance aux conditions du milieu, une diminution de la survie et une
augmentation de la susceptibilite aux predateurs, (3) en milieu agro-forestier, une transmission
accrue d'organismes pathogenes au betail car la faune devient un vecteur de contamination, (4)
un plus grand risque de transmission de certains organismes pathog^nes aux humains par Ie
biais de la consommation de gibier infecte.
Actuellement, aucun traitement teiliaire des boues d'epuradon ne permet de certifier que les
boues sont suffisament hygieniques pour eti'e sans danger (pour une revue voir Dumontet et al.,
1999). Jusqu'a tres recemment, seul Ie compostage des boues semblait certifier que les boues
etaient hygienisees. Cependant, Stenfiford (1986) souligne combien U est difficile d'atteindre et
de maintenir Ie profil temperature/temps au cours du processus de compostage, pour aseptiser
efficacement les boues residuaires. En d'auti'es mots, pour une quantitd donnee de compost,
aucune technologie, meme appliquee de la meilleurc fagon, ne peut garandr que Ie profil
temperature/temps, n6cessaire pour inacdver les organismes pathogenes, ait ete atteint pour
F ensemble du compost.
De plus, il existe une certaine confusion concemant les concentradons seuils en organismes
pathogenes qu'il ne faudrait pas depasser dans les produits aseptises, et les organismes bio-
indicateurs a utiliser pour evaluer Ie degr^ d'asepdsation (Dumontet et al., 1999).
Comme Ie mendonne Dumontet et at. (1999), les questions ^ se poser sont: « Quel est Ie niveau
de risque acceptable qui peut eti'e associe aux boues residuaires aseptisees ? Quelles sont les
valeurs seuils en organismes pathogenes qui ne devraient pas etre depassees dans Ie produit final
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pour maintenir un equilibre entre la perfoiTnance technique et economique des technologies et la
protection de la sante humaine et animale ? »
A ce jour, en raison du manque d'etudes de ten'ain et epidemiologiques, il est impossible de
donner des reponses satisfaisantes a ces questions (Dumontet et at., 1999). Actuellement, une
seule etude a mesure la prevalence de ceitains parasites chez la faune suite a l'6pandage sylvicole
de boues liquides municipales (Bonzom et a/., 1999). Un an apres 1'epandage des boues, les
musaraignes (Blarina brevicaudd) et les campagnols (Microtus pennsylvanicus) vivant sur des
parcelles traitees par des boues n'avaient pas plus d'helminthes dans la cavite genemle et Ie tube
digestifque les animaux provenant des sites temoins. D'autres travaux sont encore necessaires
pour confiiTner les resultats pre-cites, el pour etudier d'autres parasites que les helminthes.
4.4. Effets d'attirance pour les animaux
L'epandage des boues peut eti'e un facteur d'attirance pour les animaux herbivores. En effet, la
valorisadon des boues peut ameliorer les habitats fauniques en augmentant la productivite et Ie
couvert vegetal (Woodyard, 1982). De plus, Campa et al. (1986) soulignent que les boues
ameliorent la quantite mais aussi la qualite nutritive des vegetaux, ce qui a pour effet d'attirer la
faune. Dans les milieux libres d'acces, comme en foret, la faune sauvage est done attiree par les
sites d'epandage. II est possible que Ie taux de broutage sur une pai-celle traitee soit plus eleve
que sur une parcelle non traitee, surtout si celle-ci est entouree par de nombreuses terres non
traitees et plus pauvres en nutriments. La faune est alors suscepdble de reagir favorablement a
1'augmentation de la qualite nuuitive de la vegetation (Haufler et West, 1985) et ainsi de
s'exposer b une plus grande absorption de contaminants, ce qui poun'ait affecter sa sante. Ainsi,
Mastrota et al. (1989) rapportent une diminudon de la longevite chez des campagnols des
champs nes dans des enclos ayant re9u des boues. Cette baisse de la survie est attribuee a une
exposition aux contaminants des boues ti'es tot loi's du developpement des campagnols.
Les boues peuvent aussi avoir un effet positif sur les herbivores en ameliorant la qualile nutiidve
de la vegetation. Par exemple, dans Ie cas des cerfs, un plus grand taux de proteines dans la
vegetation serait a 1'origine de densites accmes sur les sites fertilises avec les boues (Anderson,
1985; Campa etai, 1986; Haufler et West, 1985; Woodyard, 1986). Anderson (1983, 1985) a
observe que les femelles de cerf mulet {Odocoleus hemionus coUimbianus) vivant sur les sites de
valorisation ont un plus grand succ^s reproducteur, qu'il attribue a un meilleur etat nutritionnel.
Ce genre d'etude n'a jamais 6te realise sur les ecosystemes forestiers quebecois. Suite a des
epandages de boues en milieu foresder, il serait peilinent d'evaluer les impacts a long terme des
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changements de productivite et de dynamique vegetale sur la sui-vie et 1'abondance des animaux,
ainsi que sur les caracterisdques des communautes fauniques, comme la diversite. Ce type
d'^tude pourrait demonti'er un effet positif des boues sur les animaux. Si pai'allelement, il est
possible de demontrer qu'il n'existe aucun effet negatif des boues sur la qualite de
1'environnement existe, alors Ie public poun'ait plus facilement accepter ce mode de gestion des
boues et les decideurs polidques poun'ont encourager cette pratique et adapter la reglementation
aux resultats des recherches effectuees.
5. Conclusion
Les risques de contaminadon de la faune sauvage associes a 1'epandage de boues en milieu
forestier sont reels. II est done legitime que Ie public et les elus soient preoccupes par les impacts
possibles des epandages de boues sur la sante animale et humaine. De nombreux travaux de
recherche sont encore necessaires pour affmer 1'evaluation des risques concemant 1'impact de la
valorisation sylvicole des boues sur les ecosystemes forestiers quebecois.
Cette fllierc ne pouiTa etre pleinement acceptee par les citoyens que si des recherches sont
effectuees pour determiner plus precisement les impacts potentiels de la valorisation sylvicole sur
la faune. U est pnmordial d'evaluer les risques associes a des epandages repetes de boues en
milieu foresder et a leurs effets a long terme. Jusqu'a maintenant, la majorite des etudes ont ete
realisees a court terme (1 ou 2 ans).
Le public, les representants politiques et les personnes oeuvrant dans Ie domaine de la
reglementation en environnement pouiTont alors s'appuyer sur des resultats plus concrets pour
decider, rationnellement, de la polidque b mener concemant 1'^pandage sylvicole des boues. Le
manque d'etudes est une r^elle bairi^re pour assurer la perennite de cette filiere qui semble
reellement la voie la plus economique et certainement la plus i-especteuse pour 1'environnement.
Mais il est indispensable de prendre des mesures pour y pai'venir.
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CHAPITRE 2
IMPACT DES BOUES SUR L'ENVIRONNEMENT
Publication 1. Cadmium, lead, and mercury concentrations in leaves and growth response for
two tree species following sewage sludge application. Jownal of Environmental Quality
(soumis).
Publication 2. Cadmium, lead, and mercury accumulation in small mammals following
sewage sludge application to forest land. Journal of Environmental Quality (soumis).
Publication 3. Determmation de certains parasites dans Ie sol et dans les micromammiteres
suite a F^pandage sylvicole de boues d'^puration. Bioresource Technology (a soiunettre).
L'objecdf des epandages de boues en mUieu forestier est d'ameUorer la croissance des arbres,
tout en pemiettant d'offnr une solution au probleme de gesdon des boues. Cependanl, lu
presence de contaminants (m^taux traces, molecules organiques de synthese, organismcs
pathog^nes) dans les boues est une source de preocupadon pour la population (voir Chapitre 1 ).
Quel est 1'impact de ces contaminants sur la quality de Fenvironnement ? Les pratiques
d'^pandages sont reglementees au Quebec. Malgre tout, 1'epandage de boues peut-il avoir un
impact negatif sur la qualite de 1'environnement ? Dans ce chapitre, nous avons tente d'apponer
des reponses a ces questions en appliquant des methodes couramment udlisees dans Ie domaine
de 1'evaluation de la qualite de 1'environnement (e.g. analyses chimiques).
La bioaccumuladon des metaux traces depend lai'gement de leur biodisponibilite. La
biodisponibilite d'un metal depend de nombreux facteurs (climat, type de sol, etc.). Les
ecosystemes forestiers quebecois ont leurs propres caracteristiques biodques et abiotiques. Ces
caracterisdques peuvent influence!' la biodisponibilite des metaux traces. Or, la rcglementation
qu^becoise concemant 1'epandage sylvicole des boues d'^puradon est basee sur des eludes
r6alisees en milieu agricole et dans d'autres pays (voir Chapitre 1). Des eludes sont done
necessaires pour tester les normes queb^coises. Les eludes presentees dans les publicadons 1 et
2 apportent des elements de reponses.
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Publication 1. Suite a un epandage de boues en milieu forestier, la contamination en cadmium,
plomb et mercure a ete ^valuee chez deux especes d'arbres : Ie chene blanc (Q,uercus alba L.) et
Ie pin rouge {Pinus resinosa Ait). Dans ce meme article, nous presentons egalement des resultats
concemant 1'impact des boues sur la croissance des arbres. Ce travail est important pour trois
raisons pnncipales : (1) il existe tres peu d'etudes sur la contamination des arbres par les metaux
suite a un epandage de boues, (2) Ie lien entre 1'epandage des boues et la concentration en
mercure dans les feuilles des arbres n'avait jamais ete dtudie, et (3) les resultats de ce travail
contnbuent a valider la reglementation queb^coise.
Dans Ie meme ordre d'idees, la bioaccumuladon du cadmium, du plomb et du mercure a ete
mesur^e chez deux especes de micro-mammiferes : la grande musaraigne (Blarina brevicaudd) et
Ie campagnol des champs (Microtiis pennsylvanicus) (Publication 2). Ces travaux sont
importants pour les memes raisons enumer^es ci-dessus.
Publication 4. Les boues condennent des parasites. Ces parasites sont-ils susceptibles de
contaminer la faune sauvage ? A ce jour, aucune etude n'avail ete realisee pour repondre a cette
question. Cette publication permet de foumir des elements de reponse (voir Chapitre 1).
En conclusion, les resultats de ces travaux ont permis d'etablii' un premier bilan de la qualite de
1'environnement suite a 1'epandage des boues.
Dans Ie chapitre suivant, Ie lecteur se rendra compte de la peilinence du concept d'instabilite du
developpement des organismes pour completer cette evaluation. II poun'a aussi apprehender les
Umites de cette methode.
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Cadmium, Lead, and Mercury Concentrations in Leaves and Growth Response
for Two Tree Species Following Sewage SIudge Application
Jean-Marc Bonzom, Caroline Clouder and Jean-Marie Bergeron
Groupe de Recherche en Ecologie, Nutrition et Energetique, Departenient de Biologie, Universite de Sherbrooke,
Sherbrooke (Quebec) J1K2R1 Canada
ABSTRACT
Sewage sludge may prove to be an effective fertilizer and soil conditioner
when applied to forest lands. However, sewage sludge may contain
contaminants such as trace metals that are of environmental concern. It may be
difficult to predict the influence of sewage sludge application on tree growth
and metal uptake. This study evaluates the short-term effects of sludge
application on foliar cadmium, lead and mercury concentrations and on the
growth response of two tree species: white oak (Quercus alba) and red pine
(Pinus resinosa) up to a year after the application. The results indicate that the
sewage sludge application did not increase significantly the concentration of Cd
and Hg in the leaves of the trees growing on treated plots compared to those
growing on control plots. However, the pine needles from treated plots showed
higher concentrations in Pb than pine needles from control plots (P = 0.0001).
This was not the case for the leaves of white oak. All the maximum
concentrations observed for Cd, Pb and Hg in the leaves of both tree species
were considered largely below the threshold limits for phytotoxicity. After the
first year, the sludge application which brought about 200 kg of available N
ha , increased the growth of oak growing on treated plots compared to those
growing on control plots. However, the treatment did not appear to show any
increase in growth for the red pine. The study concludes that, on a short-term
basis, when reglementation is respected for sewage sludge application to forest
land, no phytotoxic effect is observed for trees and beneficial effects of sludge
may appear rapidly with some tree species while it may take longer for other
species.
Key words: Sludge, cadmium, lead, mercury, tree, leaves, growth, Canada.
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Municipal sludge can have a beneficial effect on plant growth and crop yields by improving
the soil properties and fertility (Hall and Coker, 1983; Metzger and Yai'on, 1987; KatteiTnan and
Day, 1989; Pierzynski, 1994). Municipal sludge have proven to be an effective fertilizer and soil
conditioner for forest land (Bledsoe, 1981; Henry and Cole, 1983). Many studies have shown
that sewage sludge may improve the growth of numerous tree species in diameter or in height
(Smith and Evans, 1977; Berry, 1982; Zasoski et al., 1983; Cole et aL, 1984).
However, sewage sludge may contain contaminants such as trace metals that are of
environmental concern. Additions of metal elements to soil through sludge application usually
increase metal concentration in crops (Logan and Chaney, 1983). High concentrations of trace
metal in sludge may cause phytotoxicity (Davis and Carlton-Smith, 1984) or a yield deci'easc
(Johnson et al., 1983). Furthermore, they could represent a potendal hazard to wildlife. Plum
uptake is one of the major pathways by which land-applied sewage sludge contaminanLs enter
the food chain (Chaney, 1990). Cadmium (Cd), lead (Pb) and mercury (Hg) are among the trace
metals of major concern in sewage sludge application. These three metals have no biological
functions known so far, and may be toxic at low concentrations (Chowdhury and Chundra.
1987). In particular. Cd is of major concern because some plant species tend to accumulate high
concentrations of this metal without showing signs of phylotoxicity (Webber, 1979).
The study ofJing and Logan (1992) suggests that phytoavailability of a metal appears to be
related to its concentration in the sewage sludge. However, plant uptake of nutrienLs and
contaminants is a function of plant species, individual elements, soil and sludge characteristics
(Kloke et al., 1984; Page et al., 1987a). Toxic and growth responses are also species dependent
(Mitchell et al., 1978; Kloke et al., 1984). Hence, it may be difficult to predict the influence of
sewage sludge application on tree growth and metal uptake.
At present, there is little specific research that has been done on the effect of sludge application
concerning trace metal uptake by trees in natural forest ecosystems. Because very few studies
have been conducted under natural conditions, it is difficult to predict the risks of sewage sludge
application for the forest ecosystems in Quebec (Canada). Moreover, the effect of sewage sludge
on the growth of tree species growing in Quebec are unknown for many of them. The objective
of this study was to determine the short-term foliar Cd, Pb and Hg concentrations and growth
response for two species of trees in natural conditions, white oak (Quercus alba L.) and red pine
(Pinus resinosa Ait) following municipal sludge application to forest land.
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MATERIALS AND METHODS
Description of the Study Area
This study was conducted in 1995 and 1996, on four experimental plots located within the
tree plantations of the University of Sherbrooke, Quebec, Canada (45°15'N, 72°00'E). The
study was conducted on two types of forest stands in which the trees were seven years old in
1995. In the first stand, which consisted of red pines (Pimis resinosa) and white oak (Quercus
alba), and two experimental plots of about 1 ha each were implemented (one treated with sludge
= Tl and one control = Cl). In the second stand, which consisted of red oak {Querciis rubrd)
and white oak (Quercus alba), the same design was applied and the treatment and control plots
were named T2 and C2 respectively. Control (Cl and C2) and treatment stands (Tl and T2)
were separated by a road and control and treatment plots were approximately 200 m apart. The
location and slopes of the treated plots were chosen so that runoff from theses plots would not
affect the control plots.
Sewage Sludge Application
The sewage sludge used for the experiment came from the water treatment facility of the
municipality of Richmond (Quebec, Canada). This treatment facility consists of three aeraled
lagoons. The sludge was taken in the first lagoon in which no chemical dephosphatadon is done.
The average dry matter content of the sludge was about 11.2%. The concentrations (dry weight)
means (± SD) in sewage sludge were 2.8 ± 0.2 mg kg-l for Cd, 144 ± 6 mg kg for Pb, and 3.7
±0.1 mg kg for Hg. These concentrations were lower than those presented in the 1991
guidelines for sewage application of the Quebec government (MENVIQ et aL, 1991). In order to
maximize the exposure to the metals and nutrients from the sludge for the trees present on the
plots, the application rate of the sludge corresponded to approximately 200 kg available N ha
(about 39 to 44 t dry wt. ha-l of sludge), which was the maximal application rate per 10-year
period suggested by the 1991 guidelines. This sludge treatment corresponded to an application
of approximately 0.12 kg ha'lin Cd, 0.15 kg ha-l in Hg, and 12 kg ha in Pb. The sludge was
applied on September 15 and 16, 1995, using commercial spreaders mounted on trucks with
high floatation tires.
Growth Measurements
Twenty trees per plot were randomly chosen in both control and treatment (Cl and
Tl = Pinus resinosa, and C2 and T2 = Quercus albci). Height measurements were taken
before (between September 1 and 15, 1995 = H95) and one year after the sludge application
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(August 1996 = H96). Tree growth before sewage application was measured by substmcling
the height of trees at the end of 1995 from that of 1994 (= H94). The growth rate was calculated
by the ratio: (H95 - H94) / H94 for the year 1995, and (H96 - H95) / H95, for the year 1996.
Cadmium, Lead and Mercury in the Leaves
The analysis of Cd, Pb, and Hg concentrations in the leaves of the selected trees was done in
1995 and 1996. The sampling method consisted of taking leaves from the same trees used for
growth and height measurements. For each white oak tree, 10 leaves were taken to make a
composite sample, while for the red pine, 20 fascicles per tree were collected. Twenty such
samples were used each year. All chemical analyses were done by the Centre de Toxicologie du
Quebec (CTQ). For each tree, unwashed leaf' or fascicle samples were chopped and
homogenized in a standard household blender. The blender was rinsed with diluted acid before
and between each sample preparation. The residual washing solution was analyzed to check for
a possible contamination, especially for Cd. A portion of the tissues was oven-dried overnight at
105°C and the moisture content was then determined. Wet tissues were used for trace metal
analysis since Hg could be lost in the drying process. Results were expressed on a dry weight
basis. Tissues were weighted to 0.0001 g and transferred into 60 mL Teflon pressurized
vessels. Five mL of concentrated nitric acid were added and the vessels were tightly capped.
The vessels were then placed into an oven at 120°C for 12 to 16 hours. The digests were then
diluted to 50 mL with distilled water. Pb and Cd were determined by inductively coupled
plasma mass spectrometry (Perkin Fiber Sciex Elan 5000) and Hg by cold vapor atomic
spectrometry (Pharmacia). The standard reference materials that were used to verify the accuracy
of the results were BCR-60-plant and BCR-279-plant, from the Community Bureau of
Reference. The detection limits were (in mg kg dry weight basis) 0.01 for Cd; 0.1 for Pb;
and 0.02 for Hg. For the sludge analysis, the same method was applied except that 200 mg
were precisely weighted and transferred into 60 mL Teflon pressurized vessels and the standard
materials that were used were MESS-l-sediment and PACS -sediment from the National
Research Council of Canada. All concentrations were expressed on a dry weight basis.
Statistical Analyses
All stadstical analyses were performed using SAS (SAS Institute, 1990). A three-way
analysis of variance was done to test for differences between Cd, Pb and Hg concentrations with
respect to three factors: plots (pine versus oak), treatment (control versus treated), and year
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(before and after sludge application). All values below the detection limit were replaced by zeros
in the statistical analysis.
The difference in height and growth between the tree species (pine and oak) and the type of
plots (treated versus control) and the years (before: 1994 and 1995; and after: 1996 the sludge
application) were tested with a three-way analysis of variance. All data was log transformed
before the analysis to meet the assumption of normality required for the analysis of variance.
Test results were considered significant when P values were lower than 0.05.
RESULTS
Cadmium, Lead and Mercury Concentrations in Leaves
The concentrations of Cd, Pb and Hg in the leaves of oak and pine trees are presented in
Figure 1 and Table 1.
Cadmium
The three-way ANOVA (species, tneatment and year) shows that there is no significant
interaction between these three factors. There is no significant effect of the treatment: the sludge
application did not increase significantly the concentration of Cd in the leaves of the trees. The
ANOVA only indicates that the leaves from the treated plots before and after a sludge application
had more Cd than the leaves from the control plots (F^ ^_ = 19.51; P = 0.0001) and that it is
the oak that shows the highest concentrations (F; j^ = 8.87; P = 0.0034; Fig. la). There
were no significant differences between the years (F, ^ = 0.03; P = 0.87).
Lead
ANOVA shows a significant interaction between the species, the treatment and the year
(Fn42=18.54; P= 0.0001; Fig. Ib). A year after the sludge application, the Pb
concentration in pine needles is significantly higher in the treated plots than in the control plots.
Mercury
A significant interaction between the three factors (species, treatment and year) indicates that
the Hg concentration in the leaves of the control plots decreases with time, while it increases
slightly for the treated oaks and remains the same for the treated pines (F, ^ = 4.81;
P= 0.0301; Fig. 1c; Table 1). Moreover, in 1996, the oaks leaves from the control plot


































Fig. 1. Average concentrations (± SD) of cadmium, lead and mercury in leaves
of sludge-exposed trees and controls: before the sludge application (1-14
September 1995) and one year after (15 August 1996). Sewage sludge was
applied on 15 September 1995. Significant interactions (species x treatment x
year) are indicated by * (* P < 0.05; *** P < 0.0001). Sample sizes are
indicated in parentheses (1995-1996).
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Table 1. Cadmium, lead and mercury concentrations (mg kg dry weight) in
sludge-exposed and control red pine (Pinus resinosa) and white oak {Quercus
alba): before (1995) and one year after sludge application (1996).
Red pine White oak
Heavy Mesm ± SDf 95 % CI Range Mean ± SD 95 % CI Range
metals
Control
1995 (n = 20)
Cd 0.08 ± 0.04 0.06 - 0.10 0.03 - 0.17 0.11 ± 0.05 0.09 - 0.13 0.02 - 0.20
Pb 0.39 ± 0.20 0.30 - 0.48 0.10 - 0.90 0.46 ± 0.10 0.42 - 0.50 0.30 - 0.60
Hg 0.06 ± 0.02 0.05 - 0.07 0.03 - 0.10 0.07 ± 0.03 0.06 - 0.08 0.04 - 0.13
(n = 16) 1996 (n = 19)
Cd 0.10 ± 0.06 0.07 - 0.13 0.04 - 0.24 0.10 ± 0.05 0.08 - 0.12 0.04 - 0.24
Pb 0.49 ± 0.32 0.33 - 0.65 0.00 - 1.30 0.44 ± 0.15 0.37 - 0.51 0.20 - 0.90
Hg 0.02 ± 0.01 0.01 - 0.03 0.00 - 0.03 0.01 ± 0.01 0.00 - 0.02 0.00 - 0.03
Sludge-exposed
1995 (n = 20)
Cd 0.11 ± 0.06 0.80 - 0.14 0.02 - 0.33 0.18 ± 0.09 0.14 - 0.22 0.04 - 0.43
Pb 0.32 ± 0.32 0.18 - 0.50 0.00 - 1.30 0.45 ± 0.15 0.38 - 0.52 0.20 - 0.70
Hg 0.02 ± 0.03 0.01 - 0.03 0.00 - 0.10 0.01 ± 0.02 0.00 - 0.02 0.00 - 0.06
(n = 13) 1996(n = 15)
Cd 0.13 ± 0.08 0.09 - 0.17 0.07 - 0.37 0.15 ± 0.07 0.11 - 0.19 0.07 - 0.29
Pb 0.90 ± 0.30 0.74 - 1.09 0.40 - 1.50 0.43 ± 0.09 0.39 - 0.47 0.30 - 0.50
Hg 0.02 ± 0.02 0.01 - 0.03 0.00 - 0.05 0.02 ± 0.01 0.01 - 0.03 0.00 - 0.03
t SD = Standard deviation. 95 % CI = 95 % confidence interval, n = Number of trees
sampled
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Growth and Height of Oaks and Pines
Before Sludge Application
Before sludge application, oaks and pines had a similar height in 1994 (F 173 = 1.55;
P = 0.218), but the pines were taller in 1995 (F^ 79 = 23.33; P < 0.001; Fig. 2). In 1994, the
height of the trees on the control plot was significandy lower than that of the plots selected to
receive the sludge (F^ 73 = 5.72; P < 0.05). This difference was particularly important in oaks,
and this has been confirmed by a significant interaction between the species and the plot
(Pi 72 = 5.53; P < 0.05). The difference between the treated and control plots tends to
decrease in 1995 (F^ 79 = 3.17; P = 0.079) and there is no interaction between the species and
the plots (F^ 79 = 1.78; P = 0.187). The growth rate of the trees before the sludge application
shows the same tendencies than the proceeding results on their height. The growth rate was
higher for pines (F^ 73 = 115.70; P < 0.001; Fig. 3). Moreover, this growth rate was slower
on trees growing in plots used as treated stands compared to control plots (F ^7 3 = 4.08;
P < 0.05).
After the Sludge Application
A year after the sludge application, the pines showed a greater height than oaks (F ^ = 18.56;
P < 0.001). The height of the trees in the treated plots is greater than in the control plot
(Pi 71 = 5.40; P < 0.05), especially for oaks (Fi 71 = 4.78; P < 0.05). The interaction
between species and treatment (F^ 71 = 2.96; P = 0.0898) indicates that the sludge application
increased the growth rate of oaks on the treated plots, compared to oaks of the control plots.
However, in the case of pines, the growth rate was similar in both treated and control plots.
DISCUSSION
Metal Concentration in Leaves
Cadmium
Sludge application did not increase the concentration of Cd in the leaves of treated trees.
Fiskell et al. (1990) found similar results in the case of plants fertilized with industrial sludge
rich in chromium, nickel and cadmium. However, it is considered that cadmium can be readily
absorbed by vegetation because there is no soil/plant barrier for this metal (Environment Canada,
























1994 1995 T 1996
SIudge
Fig. 2. Red pine (Pinus resinosa) and white oak (Quercus alba) heights (mean ±
SD) living under sludge-exposed and control conditions: before the sludge
application (1994 and 1995) and about one year after (15 August 1996).
Sewage sludge was applied on 15 September 1995. Sample sizes are
indicated in parentheses (1994-95-96). There is a significant interaction
(species x treatment) in 1994 and 1996 (P < 0.05). In 1995, there is a
significant difference between the species (P = 0.0001) (two-way ANOVA).

























Fig. 3. Average growth rate (± SD) of trees. Height measurements were taken
before (1-15 September, 1995 = H95) and one year after the sludge
application (August 1996 = H96). In 1996, the height of the same 1994 trees
was measured (= H94). The growth rate was calculated by the ratio: (H95 -
H94) / H94 for 1995, and (H96 - H95) / H95 for 1996. Sample sizes are
indicated in parentheses (1995-96). There is a significant difference between
species in 1995 (P = 0.0001) and 1996 (P < 0.05), and between control and
treated trees for 1995 and 1996 (P < 0.05) (two-way ANOVA). See text for
details.
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chemistry, all play an important role in affecting plant uptake of this trace element (Logan and
Chaney, 1983; Jing and Logan, 1992).
Lead
A year after the sludge application, the pine needles from the treated plots had higher
concentrations of Pb than the pine needles from control plots. This was not the case for oak
leaves from both treated and control plots. However, the maximum concentration of Pb in the
pine needles were much lower than that measured in the leaves of most plants growing on sites
considered non contaminated (2 to 5 mg kg ) (ADEME, 1995). Pb has one of the lowest
specific phytotoxicity for trace metals. According to Burton et al. (1983), it is necessary to reach
a concentration of 35 mg Pb kg in the leaves to affect the growth of tree. Pb is also one of the
trace metals which is not readily transferred from the root zone to the higher parts of the plant.
Therefore, the concentration measured in plants growing on soils containing large quanddes of
total Pb, rarely exceeds 30 to 50 mg kg (ADEME, 1995). In the present study, immediately
after the sludge application, part of the material was sticking to leaves of the oak and pine
needles. A small quantity of Pb may have been immobilized in the vacuoles of the cells or
retained on the foliar endoderm, as it has already been observed for the root cells (ADEME,
1995). Pine needles are persistent tissues, contrary to oak leaves. A year after the sludge
application, a number of needles that were sampled must have been present in the preceeding
year. Thus, the analyses may have reflected direct contamination rather than plant uptake. In the
case of oak trees, the leaves sampled the year after treatment were all new over; this may explain
why the pine needles from treated plots had higher concentrations in Pb compared to oak leaves
of treated and control plots or pine needles from the control plot.
Mercury
In the case of Hg, it seems that there was a treatment effect. In fact, the Hg concentration in
the leaves from control trees have decreased between 1995 and 1996, while they remained
ahnost the same in treated plants. However, it is possible that the concentration measured in
1995 in the leaves from the control plots may have been due to an exogenous contamination. In
1995, the Hg concentration of the soils from the control plots was below the detection limit
(< 0.05 mg kg-l). The plants growing on soils in which the Hg concentration is considered
normal (0.05 to 0.1 mg kg-l) contained Hg concentrations that rarely exceed 0.05 mg kg
(ADEME, 1995). For example, in the case of cereals, the Hg concentration ranges from 0.025
to 0.05 mg kg-l in the stems (ADEME, 1995). In the present study, the leaves from the control
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plots presented maximal concentrations of Hg that were higher than these previous values
(0.10 mg kg-l for the pine needles and 0.13 mg kg-l for the oak leaves). It is difficult to
understand the decrease in Hg concentration in the leaves of the control plots in a given year,
while the concentration in the soils remains almost unchanged (J.-M. Bonzom, unpublished
data). From the results obtained, it is most likely that the sludge application did not cause a
contamination of the leaves of the trees with Hg. Finally, all maxima! concentrations of Hg
measured in the leaves of trees from the treated plots were much lower than the threshold limit
for phytotoxicity which ranges from 0.05 mg kg for rice to 3 mg kg for other species
(ADEME, 1995).
Height and Growth Rate of the Trees
Growth rates measured before the sludge application were faster in pines than oak trees.
Afterwards, the sludge has mduced a better growth rate for oaks during the first year following
sludge application. This result is similar to those reported by many studies on forest land
application of sludge (Cole et al., 1986). However, in the case of pine, there were no such
differences between the growth rates of trees before and after treatment. According to previous
studies, fertilizers tend to accelerate mainly the growth in diameter of most tree species (Sopper,
1973; Gagnon, 1974; Vezina and Roberge, 1981). Pines may have then shown a beneficial
effect of the sludge application if their diameter growth, something that we have not measured.
The trees growing on poor soils are more susceptible to present a positive growth response to
fertilizadon (Roberge et al., 1980). The major factors to consider would be the difference
between the pool of available nutrients in the soil and the nutrients applied with mineral and
organic fertilizers (Grenier, 1989). Before the sludge application, the soil of the experimental
pine plantations contained enough nutrients to support the growth of trees (Bonzom et aL,
1998). The sludge application has not permitted to increase the growth and height of the pines
for the first year, but it may be possible that a positive effect of the sludge on the growth rate
would be observable in the coming years. It is anticipated that without fertilizer addition, the
quantity of nutrients present in the soil could decrease with time. Therefore, the plots that
received sludge would present a higher bank of nutrients and would sustain a better tree growth
in the long-term (Michon et aL, 1996). It has been shown that an increase in the productivity m




The growth rate of oak increased in the first year following a sludge application at the rate of
200 kg of available N ha . However, growth rate of pine did not increase with the same
treatment. Impacts of sludge applications on forest systems may take up to 50 years to be
assessed completely (Merkel et al., 1986). Consequently, additional long-term studies are
required to determine the number of years the sludge application would have positive effects on
the growth rate of oak and pines. In future studies, it would also be advisable to evaluate the
diameter growth of the trees. The knowledge gained from these studies contribute to optimize
the quanddes and the frequencies of sludge application to forest lands.
Maximum concentrations of Cd, Pb and Hg found in the leaves of the trees were less than the
threshold values at which growth depression of sensitive plant species start: 5 to 10 mg kg
for Cd, 10 to 20 mg kg'] for Pb, and 0.5 to 1 mg kg-1 for Hg (Sauerbeck, 1983) and less than
the critical concentrations for farm animal feed: 0.5 to 1 mg kg-l for Cd, 10 to 30 mg kg for
Pb, and 1 mg kg-l for Hg (Underwood, 1977; N.A.S., 1980). It is considered that plant
availability of trace metals is greater during the first year after the sludge application (Sommers el
al., 1991; Chang et al., 1997). This study shows that forest land application of sludge does not
pose a threat to the trees, and in fact, may be beneficial to theu- growth when the guidelines of
the Quebec government are respected for sludge quality and rate of application. Most trace
metals present m the soil can be mobilized by a decrease in the soil pH. Hence, acid rain may
contribute to increase plant uptake where the soil pH is not controlled as on agricultural lands
(Kloke et al., 1984). Trace metals phytoavailability is inversely related to soil pH for the
majority of trace metals (Logan and Chaney, 1983; Narwal et al., 1983; N.R.C., 1996). For
example, a one unit decrease in soil pH (5.9 to 4.9) would increase up to 100 % the Cd
concentration in the grains of oat (Page et al., 1987b). Acid rain could then contribute to the
bioaccumulation of Cd in plants in various Canadian regions, like in Quebec (Crete et al., 1987;
Glooschenkho et aL, 1988; Craste and Burgat-Sarcaze, 1995). However, this possibility would
depend on the various factors previously mentioned and would be of greater concern in regions
already affected by atmospheric fall-outs from various industries.
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ABSTRACT
The use of sewage sludge to fertilize forests may prove to be an interesting
alternative for municipalities where agricultural land is scarce. However, there
is concern that the use of sewage sludge on forest land may cause wildlife
contamination by trace metals. Cadmium (Cd), lead (Pb) and mercury (Hg)
concentrations were analysed in livers and kidneys of insectivorous northern
short-tail shrews (Blarina brevicauda} and herbivorous meadow voles
(Mircrotus pennsylvanicus) from sludge treated and untreated forest sites at
Sherbrooke?s University (Quebec, Canada). The animals from two sludge
treated sites were compared with those captured on three control sites, before,
two months and one year after the sludge application. The application of
sewage sludge significantly increased Pb concentration in the liver and kidneys
of voles and, Cd and Hg concentrations in those of shrews of treated sites
compared to controls. The concentrations measured did not appear to be
reaching a toxic level. The results of the study show that when sludge quality
and rate of application from the guidelines of the Quebec government are
respected, sludge used on forest land has no detrimental effect on small
mammals health and population up to one year after application. However, with
time the concentration of Hg in the liver and kidneys of the shrews captured on
treated sites showed a tendency to increase compared to the shrews captured on
the control site. This observation suggests that long-term field studies would be
necessary in order to evaluate adequately the fate of Hg in small mammals
following sludge application.
Key words: Sewage sludge, cadmium, lead, mercui'y, Microtus, Blarina, forest, Quebec.
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The use of sewage sludge as a fertilizer and soil amendment can be advantageous on forest
lands as well as on agricultural lands. This type of sludge management is compatible with
sustainable and sound management of our natural resources. The use of sewage sludge offers
-many advantages such as low fertilizer costs, improvement of soil fertility and texture,
improvement of growth, etc. (Kelling et aL, 1977; Smith and Evans, 1977; Brockway, 1979).
However, sewage sludge contains trace metals and in the case of forest land application, there is
concern that wildlife may suffer from a contamination from these metals released in the
ecosystem (Chaney, 1973). Moreover, a contamination of game animals could lead to a potential
contamination of humans.
Many studies have shown that trace metals contained in sewage sludge may be accumulated
by animals (earthworms: Andersen, 1979; Helmke et al., 1979; small mammals: Anderson et
al., 1982; Woodyard, 1986; Hegsti-om and West, 1989; birds: Gaffney and EUerston, 1979;
Goldberg andYuill, 1990; black-tailed deer: Campa et al., 1986; Woodyard, 1986). However,
field studies in forest ecosystems are limited (Campa et al., 1986; Woodyard, 1986; Woodyard
et aL, 1986; Hegstrom and West, 1989).
Small mammals have been used extensively in field studies to evaluate the risk of
accumulation ofpotendally toxic compounds such as metals (see Talmage and Walton, 1991 for
a review). Most of the small mammals species meet the criteria suggested by Beardsley et al.
(1978) to be used effectively as biomonitors: they ane abundant, easily caught, they do not
migrate long distances, they have a widespread distribution and have generalized food habitats.
Talmageand Walton (1991) mendoned that the reladvely short life span (generally smaller that
one year) and high reproductive rate of small mammals allows assessment of both:
(i) immediate effects, in that each new generation reflects the present type and amount of
contaminant in the environment, and (ii) long-term effects that may arise over several
generations of exposure. Depending on their position in the food chain, the quantides of
contaminants that may be absorbed by small mammals will differ from species to species. The
herbivorous or granivorous species like voles and mice absorb and accumulate smaller quanddes
in their tissues than the insectivorous or carnivorous species like shrews (Goldsmith and
Scanlon, 1977; Beyer et al., 1985; Hegstrom and West, 1989; Ma, 1989). Because of their high
metabolic rate, shrews eat the equivalent of their weight on a daily basis (Hanski, 1984). Hence,
they would be more at risk in the case of a contamination of their habitat. The shrew is
considered a good indicator species for metal contamination because it tends to accumulate high
concentrations of metals in its tissues (Pankakoski et al., 1994). Insectivorous small mammals
have also been considered the best sentinel species to monitor all contaminants in an ecosystem
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(Talmage and Walton, 1991). Small mammals have been used successfully to monitor for
cadmium (Cd), fluoride (F), lead (Pb), and mercury (Hg) exposures fTalmage and Walton,
1991). Small mammals can hence be used to monitor the risk exposure of various contaminants
following municipal sewage sludge application.
Bioaccumulation of metals depends largely, however, on their bioavailability (Chaney,
1980). The bioavailabUity of a metal depends on its concentration in the soil (Baker et al., 1979;
Bingham et aL, 1979), and on its chemical form, which in turn, depends on many soil factors
(such as pH, CEC, soil type, etc.), and climatic factors (temperature, humidity, etc.) (Linnman
et aL, 1973; Chaney, 1980; Kuo and Baker, 1980; Barter, 1983; Jing and Logan, 1992;
Mesquita et al., 1994). The forest ecosystems of Quebec (Canada) have their own characteristics
pertaining to climate, soils, hydrology, vegetation and wildlife. These characteristics may
influence in a specific way the bioavailability of metals which would have been applied with
sewage sludge. Quebec's regulation concerning forest land application of sewage sludge is
principally based on studies made in agriculture and from other countries. Studies are required to
verify the criterion on which the regulation is based. Forest land application of sewage sludge is
sdll in an experimental stage in Quebec. The knowledge on the potential effects of this practice
on wildlife is scarce, no studies in Quebec have evaluated trace metals in wildlife following
sewage sludge application to forest land. Of all the metals present in the sewage sludge, Cd, Pb
and Hg are considered to have no biological function and to be potendally toxic for humans,
animals and plants (West et al., 1981; Zasoski, 1981). Among all metals ranked to pose a hazard
on the basis of their persistence in the environment, toxicity and bioaccumulation potential, Pb is
considered the most hazardous, followed by organo-mercury. Cd and Hg (Shore and Douben,
1994). Hg accumulation in wildlife following sewage sludge application on forest land has
never been studied.
The aim of this study was to evaluate the bioaccumuladon potendal of Cd, Pb and Hg in
small mammals in their natural habitat following an application of liquid municipal sewage
sludge on forest land when this application respects the guidelines issued by the Quebec
government (MEQ et aL, 1991). More specifically, the objectives were (i) to measure the
concentration of Cd, Pb and Hg in liver and kidneys of small mammals living on sludge treated
sites compared to controls ; (ii) to evaluate through literature if the measured concentration
could be considered potentially toxic ; and (iii) review the Quebec government guidelines for
forest land application of sewage sludge if relevant.
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MATERIALS AND METHODS
Description of the Study Area
This study was conducted in 1995 and 1996, on five experimental plots located within the
tree plantations of the University of Sherbrooke, Quebec, Canada (45°15'N, 72°00'E). The
study was conducted on two types of forest stands in which the trees were seven years old in
1995. In the first stand, which consisted of red pine (Pinus resinosd) and white oak (Quercus
albd), two experimental plots of about 1 ha each were implemented (one treated with sludge =
Tl and one control = Cl). In the second stand, which consisted of red oak (Querciis rubra) and
white oak {Querciis alba), the same design was applied and the treatment and control plots were
named T2 and C2, respectively. In 1996, one other site was used as a control (= C3) because, in
the previous year, no shrews or voles were found on the control areas used in 1995. Control
(Cl and C2) and treatment plots fTl and T2) were separated by a forest road and control and
treatment were approximately 200 m apart. The control C3 was separated by about 900 m of u
mature forest from the other sites. The location and slopes of the treated plots were chosen so
that mnoff from these plots would not affect the control plots.
Sewage Sludge Application
The sewage sludge used for the trials came from the water treatment facility of the
municipality of Richmond (Quebec, Canada). This treatment facility consists of three aeratcd
lagoons. The sludge was taken in the first lagoon in which no chemical dephosphatation is done.
The average dry matter content of the sludge was about 11.2%. The concentrations (dry weight)
means (± SD) in sewage sludge were 2.8 ± 0.2 ng g-l for Cd, 144 ± 6 for Pb, and 3.7 ± 0.1
for Hg. These concentrations were lower than those presented in the 1991 guidelines of the
Quebec government (MENVIQet al., 1991). In order to maximize the exposure to metals of the
ammals present on the plots, the application rate of the sludge corresponded to approximately
200 kg N ha1 (about 39 to 44 t dry wt. ha-l of sludge, which was the maximal application rate
per 10-year period suggested by the 1991 guidelines of the Quebec government for forest land).
This sludge treatment corresponded to an application of approximately 0.12 kg ha in Cd, 0.15
in Hg, and 0.12 in Pb. The sludge was applied on September 15 and 16, 1995, using
commercial spreaders mounted on tnicks with high floatation tires.
Vole and Shrew Sampling and Monitoring Program
In 1995, meadow voles (Microtiis pennsylvanicus) and northern short-tail shrews {Blarina
brevicaudd) were sampled with Museum Special and Victor death traps baited with peanut butler
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in both control and treatment study sites. This sampling method was reviewed and in 1996,
voles and shrews were captured in Sherman live traps baited with rolled oats and peanut butter.
The animals were captured, marked and released. Only animals trapped twice were sampled.
This method was used to ensure that the animals trapped were residents of the experimental
plots. The sampling was done on three periods that were: before sludge application (between
September 3 and 10,1995), about two months after the sludge application (between November
7 and 16, 1995), and about one year after the sludge application (between July 17 and October
14, 1996). Voles were captured only one year after the treatment on both control and treated
plots. Due to the small sample size, all adult animals were used in the study without regard to
sex. All captured specimens were frozen at -20°C in individual bags until dissected. Kidneys
and livers were excised using stainless steel instruments that have been dipped during 12 hours
in a solution of 10% HN03 of high purity for trace metal analysis. The instruments were then
rinsed four times with distilled water. Organs were placed in separate detergent washed plastic
tubes and frozen at -20°C until analyzed. These organs appeared to be considered the best
tissues to be used to monitor accumulation of metals in small mammals compared to other body
pall analyses (see Talmage and Walton, 1991 for review). Experimental procedures were
approved by the Quebec Ministry of Environment and by the Canadian Council for Animal
Welfare.
Analyses of Cd, Pb and Hg in Animal Tissues and SIudge
All tissue analyses were done by the CTQ (Centre de toxicologie du Quebec, Canada).
Organs were not homogenized because of their small size. A portion of the tissues was oven-
dried overnight at 105°C and the moisture content was determined. Tissues were used, as
received, for the trace metal analysis, since Hg could have been lost through the drying process.
Results were expressed on a dry weight basis. Tissues were precisely weighed to 0.00001 g and
transferred in 60 mL Teflon pressurized vessels. Five mL of concentrated nitric acid were added
and the vessels were tightly capped. The vessels were then placed into an oven at 1(X)°C for 12
to 16 hours. The digests were then diluted with 50 mL of distilled water. Pb and Cd were
determined by inductively coupled plasma mass spectrometry (Perkin Elmer Sciex Elan 5000)
and Hg was determined by cold vapor atomic spectrometry (Pharmacia). The standard reference
materials that were used to verify the accuracy of the results were DOLT-2-liver, and a
DORM-2-muscle, from the National Research Council of Canada. The detection limits were (in
Ug g-1 dry weight basis) 0.01 for Cd, 0.1 for Pb, and 0.01 for Hg.
54
For the sludge analysis, the same method was applied, except that 200 mg were weighed to
0.00001 g and transferred into 60 mL Teflon pressurized vessels. For sludge, the standard
reference materials that were used were MESS-1-sediment, and PACS-1-sediment from the
.National Research Council of Canada. All element concentrations (p,g g ) were reported on a
dry weight basis.
Statistical Analysis
AU statistical analyses were performed using SAS (SAS Institute, 1990). AU values below
the detection limits were replaced by zeros in the stadsdcal analyses. Mann-Withney U-tests
(two-tailed) were performed on each metal and organ combination to test for differences between
voles trapped in 1996 from treated and control plots. The non-parametric test was used because
the data were not normally distributed even after log transformation. Two-way analysis of
variance (ANOVA) were performed on each metal and organ combination to test for differences
between shrews trapped before, two months and one year after sludge application from treated
and control plots. The data was log-transformed before analysis to meet the assumption of
normality required for the ANOVA. In all stadstical analyses, the level of significance was at
least P = 0.05.
RESULTS
Heavy Metal Accumulation in Liver and Kidneys of Shrews
Cadmium
The concentrations of Cd in the liver of shrews trapped one year after the sludge application
is significantly lower than that measured before and two months after the sludge application for
both the treated and the control plots (F, 70 = 11.24 ; P = 0.0001 ; Fig. la). The ANOVA
shows no significant effect of the treatment. However, the Cd content of the kidneys of shrews
indicates a significant effect of the treatment (F^ ^ =7.90 ; P = 0.0066 ; Fig. Id) and the
application of sludge has caused a net increase in Cd content of the kidneys of shrews trapped
on treated plots. Before sludge application, the mean (± SD) concentration of Cd in kidneys of
shrews of control plots (5.58 ± 3.14 ug g-l) is similar to that of kidneys of shrews of ti'eated
plots (5.58 ± 3.30 ug g ). Two months after the sludge application, the kidneys of the
shrews of the control plots have a mean concentration of 5.57 ± 1.15 |Llg Cd g-l, while the
kidneys of the shrews from treated plots show a mean concentration of
10.39 ± 7.22 (J,g Cd g'!. One year after the sludge application, the mean concentrations in the














































































Sept. 95 ANov. 95 Jul.-Oct. 96
Sludge
Fig. 1. Cadmium, lead and mercury mean concentrations (± SD) in livers and
kidneys of shrews living under sludge-exposed and control conditions: before
the application of sludge (from 3 to 10 September 1995) and after (November
1995 and from 17 July to 14 October 1996). Sewage sludged was applied on 15
September 1995. Treatment, date and interaction follow by * indicate
significant difference according to ANOVA (** for p < 0.01; *** for p <
0.001). Samples sizes are indicated on bars in graphic c.
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and treatment plots, respectively. For the three sampling periods, the maximal concentrations of
Cd in the kidneys ofshrews were always observed in shrews from the h'eated plots (Table 1).
Two months and one year after the sludge application, the maximal concentrations observed
were 21.64 and 12.57 p,g Cd g in the treated group, while the maximum concentrations
observed were 7.84 and 7.10 ug Cd g'' in the control group.
Lead
In the case of Pb, the ANOVAs only indicated a significant difference between the periods of
sampling (for liver: F^o = 17.41 ; P = 0,0001 ; for kidneys: F^ = 13.69 ; P = 0.000 1 ;
Fig. Ib and Ie). In fact, the maximum mean concentration of Pb in these organs was highest
two months after the sludge application. However, for each of the three sampling periods, there
was no significant difference between the control group and the treated group.
Mercury
The interaction terms were significant (treatment x period) for liver (F^^,) = 16.19 ;
P = 0.0001 ; Fig. 1c) and kidneys (P, ^ = 10.54 ; P = 0.0001 ; Fig. If). Before the sludge
application, the liver of the shrews captured on the plots that would receive the sludge contained
less Hg than the shrews captured on control plots (0.14 ± 0.19 p.g Hg g and
0.18 ± 0.05 (lg Hg g respectively). Two months after the sludge applicadon, there were
practically no differences between the two groups (control: 0.16± 0.04 ug Hg g ;
0.15 ± 0.05 ng Hg g ). One year after the sludge application, there was an increase in Hg
content of the liver of the shrews captured on treated plots (0.36 ±0.21 pgHgg) in
comparison to those from the liver of shrews from control plot (0.21 ± 0.14 [ig Hg g ) and
to those observed in 1995. The same tendency is observed for the Hg content of kidneys (Fig.
If), with the difference that after two months following the application of sludge, the
concentrations were higher in shrews from treated plots than those from control plot
(0.78 ± 0.41 Hg Hg g-1 and 0.62 ± 0.24 [ig Hg g-l respectively).
Metal Accumulation in Vole Tissues
One year after the sludge application, the mean concentration of Pb in the liver of voles captured
on treated plots was 2.75 times more important than in the case of the liver from voles captured
on control plots (P = 0.0045 ; Table 2). For kidneys, the Pb concentration was 3.5 times
higher in voles from treated plots (P = 0.0001 ; Table 2). The maximum concentration of Pb
measured in the liver of voles from treated plots (0.4 pg g-l) is not too different of that of the
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Table 1. Cadmium, lead, and mercury concentrations (^g g dry weight) in livers and kidneys of shrews {Blarina
brevicauda) living under sluge-exposed and control conditions: before the sludge application (from 3 to 10
September 1995) and after (in November 1995 and from 17 July to 14 October 1996). Sewage sludge was





























































































































































































































t n = Number of shrews sampled; SD = Standard deviation; 95% CI = 95% confidence interval.
Ln
00
Table 2. Cadmium, lead, and mercury concentrations Qlg g 1; dry weight) in livers and kidneys of meadow
voles (Microtus pennsylvanicus) living under sludge-exposed and control conditions, about one year after
the sludge application (from 17 July to 14 October 1996). Sewage sludge was applied on 15 and 16
September 1995.
Heavy metals Control (nf =32) SIudge-exposed (n = 32) Mann-Whitney U test





























U = 0.02 ; p = 0.8891
U= 8.71 ;p= 0.0045**























































t n = Number of voles sampled; SD = Standard deviation; 95% CI = 95% confidence interval.
u\
*s0
control voles (0.3 (J-g g ). However, the maximum concentration of Pb observed in the
kidneys from voles captured on treated plots is 2.75 times higher than that of the voles from
control plots (3.7 p.g g-l and 1.34 p.g g-l respectively). In the case of Cd and Hg, there were
no significant difference between the voles of control plots and those of the treated plots
(Table 2).
DISCUSSION
The application of sewage sludge significantly increased the Pb concentration in voles and the
Cd and Hg concentrations in shrews living on the treated plots compared to controls. The voles
and the shrews have a different biology and they occupy a different level in the food chain. This
would explain the differences in the type of metal thai each species tend to accumulate in their
tissues. Furthermore, all maximum liver and kidney concentrations observed for Cd, Pb and Hg
(control and treated plots) were much lower than those measured in reference sites by other
studies on voles and shrews (see Talmage and Walton, 1991 for review).
Liver and Kidneys of Shrews
Cadmium
The sewage sludge application has increased the concentration of Cd in the kidneys of shrews
captured on treated plots two months and one year after the application. However, there were no
significant effects on the concentration of Cd in the liver arising from sludge application.
Differences in accumulation from both tissues may be attributed to the fact that at low
contamination levels the kidneys have a tendency to accumulate more easily Cd than does the
liver (Hammond and Beliles, 1980). The trace metal concentration in the preys of shrews
(essentially invertebrates) has not been analyzed in this study. However, it could be possible that
the increased levels observed in shrews from the treated plots indicate a biomagnificadon along
the food chain. Hunter and Johnson (1982) have found such a biomagnification of Cd along the
invertebrate/shrew food chain in studies concerning sites contaminated with trace metals. Van
Hook and Yates (1975) and Skinner et aL (1978) found Cd biomagnificadon in ten-estiial
plant/invertebrate food chains. In the case of the present study, two months after the sludge
application, the accumulation of Cd in kidneys may also be attributed, in part, by the direct
ingestion of sludge from soil, insects, or grooming. It was observed that the concentrations
found in the kidneys had a great variability.
The highest concentration in the kidney was 21.64 ^g Cd g-l from a specimen captured two
months after the sludge application on a treated plot. Hegstrom (1986) measured high
concentrations of Cd in the kidneys of Trowbridge's shrews (Sorex trowbridgii) taken from
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sludge-treated areas. The mean Cd concentration was 126 |lg g , and the shrew did not show
any renal damage. The lack of organ damage despite high Cd levels may be explained by the
presence of other metal constituents of sewage sludge (Hegstrom, 1986). In particular, the
protective acdon of Zn against organ damage from Cd is well-known (Webb, 1972). In the
present study, the tissues were not examined to detect any damage or lesion. It is probable,
however, that the concentration of Cd measured did not have any toxic effect on the kidneys
(Hegstrom, 1986). However, some authors have found signs of nephrotoxicity in other species
with Cd concentrations in kidneys that were lower than the maximum observed concentration in
the present study. For example, Leffler and Nyholm (1996) found a proteineria and an increase
in urine production in bank voles {Clethrionomys glareoleiis} that had Cd concentrations in
kidneys as low as about 10 (ig g . On their part, Chmielnicka et al. (1989) found in the
laboratory rats that the lowest Cd level causing ultrastructural changes in the proximal tubules of
kidneys was greater than 21 (ig g . Hence, it is difficult to conclude on a possible
nephrotoxicity for the species of shrews studied in the present project, for which the maximum
mean concentration observed in the kidneys was highest after two months following the sludge
application (10.39±7.22p.gg), to reach afterwards lower levels around
6.78 ± 3.58 p-g g-l one year after.
It also seems that the concentration of Cd in the kidneys had not effect on size population of
shrews (Nickelson, 1993). Nickelson (1993) found that the species Peromyscus sp. and Sorex
sp. captured on sites treated with biosolids had similar population levels than control sites. The
range of Cd concentration in the kidneys of Peromyscus sp. was 0.4 to 11.8 (ig g and for
Sorex sp. it was 0.4 to 125.0 |lg g-l.
Mercury
An effect of the treatment was observed on Hg concentrations measured in the liver and kidneys
of shrews. With time, the concentrations of Hg in the liver and kidneys of shrews captured on
treated plots showed a tendency to increase compared with the same tissues of the shrews
captured on control plots. One hypotheses could account for this result. This increase with dme
could be attributed to the chemical transformation of the Hg applied with the sewage sludge.
Generally speaking, three chemical forms of Hg exist. These are inorganic, metallic and organic
Hg. Each form has specific properties with respect to toxicocynetic and toxic effects. Along the
digesdve track, the inorganic Hg is practically not absorbed (< 0.01%), metallic Hg is weakly
absorbed (< 0.05%), while the organic Hg (methylmercury) is almost totally absorbed (95%)
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(Boisset, 1996). In the present study, the Hg present in the sewage sludge may have been
essentially in an inorganic or metallic form (this has not been verified in the present study),
hence, would have been weakly bioaccumulated by the shrews or their preys. However, with
.time, the inorganic Hg could have transformed into organic compounds such as methylmercury
(CH3-Hg+). This compound is transported principally (90%) by erythrocytes, then it is
demethylized in the liver, and then redistributed in the liver, the kidneys and the brain, mainly in
an inorganic form (Fan'is and Dedrich, 1993). It would then be a possibility that the Hg applied
initially with the sewage sludge may not have been completely transformed before the last
sampling period (one year after the sludge application) and that the concentration of Hg in the
kidneys and the liver ofshrews captured on treated sites may have continued to increase. Future
work will test this hypothesis.
Lead
The highest concentrations of Pb in the tissues of shrews from control and treated plots were
measured in both cases two months after the sludge application. There were no significuni
differences between the two groups. The Pb concentration in the liver and kidneys of shrcws
captured on site considered non-contaminated is > 2 and > 5 (lg g-l respectively (Gelz ct ul.,
1977; Chmiel and Harrison, 1981; Hegstrom and West, 1989; Ma, 1996). In the present study,
all maximum mean concentrations (mean + 95% confidence interval) for the control and ti-ealed
groups before and after sludge application, were below these values. Moreover, all maximum
concentrations measured were below the values for which a toxic effect of Pb was observed in
mammals (liver: < 5 M-g g-l; kidneys: < 10 (ig g-l) (see Ma, 1996 for a review). These
informations indicate that the application of sewage sludge is not likely to cause a Pb intoxication
for the shrews.
Liver and Kidneys of Voles
The sludge application has increased the concentration of Pb in the kidneys and liver of voles
one year after the application. However, for Cd and Hg, there were no significant effects
observed. Pb, in both kidneys and liver, has a short half-life (3-4 weeks), thus concentrations
measured in these organs reflect recent exposures (Scheuhammer, 1991). One year after the
application, there is no more sludge adhering to the various plants or soil on the experimental
plots. Hence, it is probable that the Pb measured in the organs of the voles captured on these
plots, comes from the ingestion of soil or of plants contaminated by Pb uptake.
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The normal Pb concentration in a healthy Uver of mammal ranges from 0 to 3 (ig g and a
concentration of 10 (ig g-l should be considered a sign ofPb intoxication (ADEME, 1995). The
maximum concentration observed in the liver of the voles captured on the treated plots was
.0.4 ng g and lies inside the normal range. In the case of kidneys, the maximum Pb
concentration observed was 3.7 (lg g-l in one vole from a treated plot. This concentration does
not mdicate a Pb intoxication, because Pb poisoning is generally associated with liver
concentration of 25 to 35 p.g g (Ma, 1989) and kidney concentration of 70 |Ltg g
(Scheuhammer, 1991) respectively. Intranuclear inclusions were found in the kidneys of rats
with renal Pb concentrations of about 30 (lg g (Goyer et al., 1970). Ma (1989) suggested that
25 ug g was an appropriate pmcdcal concentration that could be thought of analogous to a
LOAEL.
In the present study, the maximum concentration of Cd and Pb observed in the liver and
kidneys of voles captured on the treated plots were all below those measured by Anderson et al.
(1982) in the same species (Micronis pennsylvanicus), following sludge application in semi-
natural field conditions. Anderson et al. (1982) concluded that survivorship, longevity,
percentage of breeding adults, and recruitment rates were not affected by sludge treatment.
Given these results, it is unlikely that the Cd, Pb and Hg applied with the sewage sludge had an
effect on the populations and health of the voles (Microtus pennsylvanicus) one year after the
application.
Study Limitation and Conclusion
Because of the lack of laboratory data on Microtus pennsylvanicus and Blarina brevicauda, it
is difficult to extrapolate the dose/response data from laboratory rodents in an attempt to evaluate
the effects of trace metals on survival and reproduction of these two species. This is also true for
numerous other wild animals (Shore and Douben, 1994). The accuracy of laboratory derived
predictions of the effect of trace metal exposures on small mammals is unknown. This
uncertainty may be attributed to inter species variations in sensitivity to trace metals (this would
be tme for most xenobiotics) and to the variations in toxicological effects and variation in
exposure pattern between laboratory and wild animals that are largely unquantified (Shore and
Douben, 1994). On the other hand, du'ect extrapolation of concentradon/response data between
laboratory and wild animals proves to be adequate to evaluate the effects of metals on specific
organs (Shore and Douben, 1994). Much research has stiU to be done to determine the
relationship between sub-lethal concentrations of trace metals measured in tissues of wild
animals and their biological signification (toxicity, survival, reproduction, population dynamics,
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etc.). This would allow a better level of precision concerning the potendal effects of human
activities, such as forest land interventions of sewage sludge, on wild animals.
The present study has shown that when the guidelines of the Ministry of Environment of
Quebec are respected for quality and rates of application, Pb, Cd and Hg applied to forest land
through sludge application, present small risks for the health of small mammals (individuals and
populations) up to one year after the application. The Hg results suggest that longer-term field
studies are necessary in order to evaluate the impact of sludge application.
In the present study, the sludge application increased the background level of certain trace
metals for two species of small mammals. Even if this increase is without risks on a relatively
short-term basis for these small mammals, the sludge application contributed to increase the
background level of the ecosystem in Cd, Pb and Hg. This increase may be considered without
risk for the ecosystem with isolated inputs. However, if other sources of contamination are to be
considered because of the characteristics of the region (atmospheric faU-outs, etc.), then all the
inputs summed together may present a risk for a specific ecosystem through bioaccumulation or
biomagnificadon.
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Resume
L'epandage sylvicole dos bones de station d'epuration des eaux usees municipales en milieu.
foresder permet d'ameliorer la croissance de nombreuses especes d'arbres. Cependant, les
risquesde contanunation de la faune sauvage par les parasites contenus clans Us bones so nt line
source de preoccupation. Un an apr es I'epandage de bones liquides d'epuration mumcipales, les
parasites presents dans V horizon A du sol ont ete identifies dans des parcelles traitees avec de s
boues et des parcelles tefnoins (Quebec, Canada). En parallele, les prevalences de certains
parasites (helminthes) dll tube digestif d'lm herbivore, Ie campagnol des champs (Microtus
pennsylvanicus) et df un insectivore, la grande nuisaraigne (Blanna brevicauda) ont ete
comparees entj'e les deux types de parcelles. Des comparaisons temporelles des prevalences ont
ete realisees avantpuis deia nwis et un an apres epandage. Des oeufs d'line espece de nematode
ont etc retrouves en grande quantite, uniquement daits les sols des parcelles traitees. Ces oeufs
proviennent probablement des bones. Ces oeufs n'ont pas pit etre identifies. Quand aux
micronmmmiferes, I'epandage des bones n'a eu aucun impact sur leurs charges parasitaires
intemes (dans la cavite generale et Ie tube digestif). La determination exacte de ces oeitfs de ce
type d'oeuf de nematode presents dans les sols ti'aites pourrait permettt'e d'evaluer les risques
environnementaitx.




Les boues de stations d'epuration municipales contiennent des elements nutritifs necessaires a la
croissance des plantes (Pimentel et cd., 1983; MENVIQ et al., 1991). Les boues constituent un
engrais et un amendement organique excellents (Bledsoe, 1981; Henry and Cole, 1983). Leur
epandage en milieu foresder peimet d'ameliorer la croissance de nombreuses especes d'arbres
(e.g. Smith and Evans, 1977; Berry, 1982; Zasoski et al., 1983; Cole et al., 1984; Bonzom et
al., 1999). Cependant, la presence de contaminants dans les boues tels que les elements traces,
les composes organiques de synthese et les organismes pathogenes (bacteries, virus, parasites)
souleve des questions quant a leur innocuite pour les ecosystemes forestiers et en particulier
pour la faune sauvage. Actuellement, aucune elude rTa ete realisee pour esdmer 1'infecdon
potentielle de la faune par des organismes pathogenes suite a la valorisation agricole ou sylvicole
de boues residuaires.
Les parasites presents dans les boues sont principalement des organismes d'origine fecale
(Berron, 1984). Us proviennent de feces humaines, d'animaux domesdques ou d'especes
commensales. Les parasites les plus souvent retrouves sont des protozoaires et des helminthes,
la plupart etant sous forme de kystes ou d'oeufs, viables ou non (Wallis and Lehman, 1983). La
presence et 1'abondance des parasites dependent des intrants des boues residuaires, lesquels sont
foncdon du degre d'urbanisation, de la saison, du type de ti-aitement des boues, des habitudes
sanitaires de la population, et du degre de sante ou du taux de maladie de la population etudiee
(Fradkin et al., 1985). Quel que soit Ie traitement subi par les boues (physique, chimique et/ou
biologique), les principaux parasites retrouves dans les boues sont des nematodes Ascaris sp.,
Toxocara sp., Trichuris sp. (Gaspard et al., 1995; Yanko, 1988); des oxyures (Berron, 1984);
des cestodes Hyemenolepis sp., Taenia sp. (Gaspard etal., 1995; Yanko, 1988), Echinococcus
granulosus (Pahren et at., 1979); un tnematode Fasciola hepatica (Berron, 1984); et des
protozoaires Toxoplasma gondii (Pahren et al., 1979), Entamoeba histolytica, GiarcUa lambUa
(Ben-on, 1984).
Les oeufs de nematodes et de cestodes (helminthes) sont exti'emement resistants aux
differents traitements de stabilisadon et d'hygienisation des boues (Gaspard et c//., 1995). Us
peuvent survivre tres longtemps dans 1'environnement (Strauch, 1998). Le temps de sui-vie au
sol des parasites depend des conditions climadques, ecologiques et edaphiques (Storey et
Phillips, 1985). Par exemple, les oeufs d'Ascaris suun peuvent survivre plus de 40 ans dans Ie
sol, et d'autres oeufs de parasites entne plusieurs mois et 6 ans (Strauch, 1998). Par leur
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biologie, ces parasites representent un des plus grands risques de contamination de la faune et/ou
de 1'humain (Pahren etal., 1979).
Jusqu'^ present, les seuls cas connus de contamination par des parasites chez 1'humain et Ie
betaU suite a une valorisation agricole, sont lies a 1'epandage d'eaux usees ou de boues non-
stabilisees (Gauss et al., 1990). Cependant, les risques d'infection encoums par la faune suite a
la valorisation agricole ou sylvicole des boues d'epumtion n'ont jamais ete etudies. Pourtant,
suite a un epandage de boues en milieu foresder, la faune est tres exposee aux parasites. Durant
les mois qui suivent 1'epandage, la faune a encore une relation ti'es etroite avec Ie milieu traile el
se trouve dii'ectement en contact avec les boues, done avec les parasites. La contaminauon
potendelle de la faune va dependre de la nature des parasites presents, susceptibles ou non
d'infecter les especes fauniques, et de leur persistance dans Ie milieu. Par contre, la capacilc
infectieuse du parasite est fonction de son abondance (Fradkin et al., 1985). L'age et lctat
nutritionnel des individus hotes influencent egalement leur resistance a 1'infection (Nonaka er c//..
1994). La dose minimale infectante (DMI), c'est-a-dire la quandte minimale pour laquellc
1'animal devrait eti-e malade, est de 1 ou 10 unites/unite de mesure en ce qui conceme les vcrs ct
les protozoaires (Fradkin etal., 1985).
Les genres Ascaris, Toxocara et Toxascans presents dans les boues ont comme holes dos
especes domestiques et fauniques (Prestwood, 1980). En ce qui conceme les protozoaires. il
semblerait que Giardia sp. soil 1'oocyste Ie plus susceptible de se developper chez les animaux
sauvages (Prestwood, 1980). Le genre Bulliscaris peut infecter les rats, les moufettes, les lapins
et les marmottes (Prestwood, 1980). Lors d'une elude sur les parasites presents sur les vegeiaux
fertilises par les boues, les protozoaires Amoeba sp., Acanthamoeba castellami, Acumhamoeba
culbertsoni et Accuithamoeba polyphaga ont ete identifies. Ce demier a ete reconnu coiniTie
virulent chez la souris (Ramirez et al., 1992).
Jusqu'a present, il n'existe pas d'etude de terrain qui ait tente d'evaluer la charge parasilmre
de la faune suite a 1'epandage de boues de stations d'epuradon en milieu forestier.
L'objectif principal de cette ^tude fut alors de determine!- la charge pai'asitaire en helminthes
de la faune dans son habitat naturel suite a 1'epandage sylvicole de boues liquides de stations
d'^puration municipales. L'epandage fut realise en respectantla rcglementation et les normes du
gouvernement quebecois pour les sols foresders (MENVIQ et a/., 1991). Plus specifiquement,
les objectifs ^taient de compai-er (1) les peuplements parasitaires des sols traites par les boues
avec ceux des sols t^moins, (2) les prevalences de differents helminthes intemes chez deux
especes de micromammiferes. Ie campagnol des champs (Microtus pennsylvanicus) et la grande
musaraigne (Blarina brevicauda) vivant sur les sites traites avec celles des micromammiteres
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vivant sur des pai'celles temoins, (3) la charge parasitaire enu-e les campagnols (herbivores) et les
musaraignes (insectivores) afln d'evaluer 1'impact potentiel a deux niveaux trophiques
differents.
Les campagnols et les musaraignes ont ete choisis comme especes bioindicatrices car ces
animaux vi vent en contact eti'oit avec les boues et Ie sol (ils peu vent done ingerer directement de
la boue ou du sol en creusant ou en se toilettant). Us sont faciles a capturer. Us ont un petit
domaine vital et leurs pardcularites biologiques differentes en font deux especes bioindicatrices
complementaires.
MATERIEL ET METHODE
Description de Paire d'etude
L'etude a ete realisee en 1995 et 1996 sur les ten'ains de I'Universite de Sherbrooke, Quebec,
Canada (45°22'N; 71°55'0). Les ti-avaux ont ete menes sur deux parcelles plantees de pins
rouge {Pimis resinosa) : une parcelle traitee (= Tl) et une pai'celle temoin (= Cl) et sur deux
autres sites plants de chenes rouges (Quercits rubrd) et blancs {Q.uercus albd) '. une parcelle
traitee (= T2) et une parcelle temoin (= C2). Chaque parcelle a une superficie d'environ 1 ha. En
1996, la population de campagnols et de musaraignes sur les parcelles Cl et C2 etant tres faible,
une troisieme parcelle de 2 ha a servi de temoin (= C3). Les pai'celles temoins (Cl el C2) et
traitees fTl etT2) etaient separees par un chemin forestier et distantes 1'une de 1'autrc d'environ
200 m. La parcelle temoin C3 etait situee a environ 900 m des autres parcelles. Une tbret
separait la parcelle C3 des autres parcelles. L'emplacement des parcelles, ainsi que leur pente,
rendait impossible toute contamination des parcelles temoins par Ie ruissellement ou Ie luciviat
suite a 1'epandage des boues sur les sites trails.
Epandage des boues
Les boues provenaient de la station de traitement des eaux usees de la municipalite de Richmond
(Quebec, Canada). Le traitement des eaux usees y est realise dans trois etangs aer6s. Les boues
epandues provenaient du premier etang dans lequel aucune d^phosphatation chimique a ete
r^alisee. Les boues epandues contenaient en moyenne 11,2% de madere seche. Le taux
cT application des boues etait approximativement de 200 kg N ha (soil environ 39 a 44 t ha de
boue sur une base de matiere seche), ce qui represente Ie taux maximum d'application en foret,
par periode de 10 ans, selon la reglementation de 1991 editee par Ie gouvemement du Quebec
(MENVIQ et a!., 1991). L'epandage a eu lieu les 15 et 16 septembre 1995.
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Echantillonnage du sol
Des pr^levements de sol ont et^ realises en aout 1996, soil 12 echandllons dans chacune des
parcelles traitees Tl et T2 (= 24 echantillons ti'aites) et 24 echantillons dans la parcelle temoin
C3. L'echantillonnage a ete effectue de fagon aleatoire. Avant de prelever un echantillon de terre,
la vegetation a ete coupee sur une surface d'environ 25 cm< Les 5 premiers cm de 1'horizon A
ont 6te r^coltes et homogeneises pour prevenir 1'agregation des oeufs de parasites. Les
echantillons ont ete consei'ves a 4°C avant analyse.
Extraction et observation des parasites
Pour chacun des echantillons, 5 g de ten-e ont ete melanges a 10 mL d'eau. Le melange a ele
filtre sur une gaze et la solution resultante a ete centrifugee a 1500 tours/min. pendant 15 min. Le
sumageant a ete elimine et Ie culot a ete melange, dans Ie meme tube, a une solution saturee en
glucose. L'ensemble a ete centrifuge a 1500 tours/min. pendant 15 min., une lamelle etant posee
sur Ie menisque forme en haut du tube. La lamelle a ete ensuite deposee sur une lame et lcs
parasites (oeufs et kystes) ont 6te comptes et idendfies sous microscope (x 10 ou x40). Le sol
condent naturellement de nombreux nematodes (et done leurs oeufs), mais peu d'entre en x so nt
des parasites. Puisque cette etude est focalisee sur les pathogenes potentiels pour la faunc
sauvage et les humains, seuls les oeufs qui ont deja ete idendfies dans la litterature comine
provenant de parasites ont ete pris en consideration. Les oeufs ont ete idendfies sur la base de
crit^res morphologiques. Pour chaque espece de parasite, un oeuf ou un kyste representatif a eie
photographic.
Echantillonnage des campagnols et des musaraignes
Une premiere serie de piegeages a ete effectuee avant la date d'epandage, enu'e Ie 3 et Ie 10
septembre 1995. Apres 1'epandage, deux autres piegeages ont suivi : environ deux mois apres
Fepandage (du 7 au 16 novembre 1995) et un an apres (du 17 juillet au 14 octobre 1996). Les
stations de piegeage etaient espacees de 10 metres a 1'interieur d'un plan quadrille comptanl 90
stations. Ce plan quadrille tenait compte de 1'effet de bordure pour s'assurer que les animaux
faisaient reellement partie de la zone etudiee. Ainsi, un espace de 10 metres a ete respecte entre la
limite de la parcelle et les premiers pieges.
Les campagnols et musaraignes adultes onl ete captures a 1'aide de pieges a prise morte de
type Victor et Museum Special (automne 1995). En 1996, les animaux ont ete capture a 1'aide de
piege a prise vivante de type Sherman appates au beun-e d'arachides. En ete, nous suspections
que certains individus pouvaient se deplacer sur de grande distance. Pour etne ceilain que les
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animaux captures etaient bien des residants des parcelles etudies, seuls les individus adultes (>
20 g) captures deux fois consecutives ont ete consideres comme residents (Blair, 1951; Jons,
1990), les animaux etant identifies en amputant la premiere phalange d'un ou plusieurs orteils
(Pavone and Boonstra, 1984). Tous les animaux pieges ont ete conserves dans un congelateur a
- 20°Cjusqu'a analyse. L'experience a ete approuvee par Ie Ministere de 1'Environnement du
Quebec et par Ie Conseil canadien pour Ie bien etre animal.
Prelevement et identification des parasites des micromammiferes
Les parasites ont ete recherches dans la cavite abdominale et dans Ie systeme digesdf des
individus. La dissection du tube digestif a permis 1'etude des parasites intestinaux sous une
loupe binoculaire au grossissement 16 x. Le tube a ete coupe en 4 sections d'egales longueurs
examinees separement (Shimakuro et al., 1995). Le poids et Ie sexe des individus ont ete notes.
Les parasites recueillis ont etc fixes dans 1'alcool a 70% bouillant, puis conserves dans 1'alcool a
70%. L'idendfication a 6te effectuee d'apres les travaux de classification de Zornowski (1960),
Vaucher (1971), Vaucher et Durette-Desset (1973) et Genov (1984).
Analyses statistiques
Parasites du sol
Les donnees des prelevements de sol ont ete analysees en comparant la prevalence (nombre
d'echantillons contenant des oeufs/nombre total d'echantillons) de chaque type d'oeufs et de
kystes dans les parcelles traitees et les t6moins. Des tests de Khi caire ont ete udlises pour ces
comparaisons.
Parasites des micromammiferes
Pour chacune des deux especes de micromammiteres et pour chaque periode d'echantillonnage,
des tests de Khi can-e ou la methode exacte de Fisher ont ete appliques pour comparer la
prevalence (nombre d'individus parasites/nombre total d'animaux examines) de tous les
parasites trouves dans les animaux de parcelles trailees el temoins. La methode exacle de Fisher
a ete utilisee lorsque les effecdfs des echantillons s'averaient tres faibles (1'effectif total n est
inferieur a 20). Une comparaison a ete aussi realisee pour chaque espece de parasite.
Un test de Khi can-e a ete utilise pour comparer la prevalence des parasites entre les
musaraignes et les campagnols dans les deux types de parcelles.
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Le test exact de Fisher a ete applique pour comparer les prevalences des parasites dans les




Dans les echantillons de sol, des kystes de coccidies et les oeufs de trois especes de nematodes
(Capillaria sp., Ascaris sp. et un oeuf non identifie d'une taille de 60 X 50 pm) ont ele trouves.
La larve contenue dans 1'oeufetait animee de mouvement. Get oeufest en cours d'identification.
Seule la prevalence dans Ie sol de ce nematode non determine differe significativemenl entre les
parcelles traitees et temoins (^'= 21.09, p < 0.001; Tableau 1). II n'existe aucune difference
significative entre les parcelles temoins et les traitees pour les autres especes.
Musaraignes
Avant F6pandage des boues, puis deux mois et un an apres, un total de 10 animaux par pai'celle
(Tl, T2, Cl et C2) et par periode de capture ont ete pieges.
Avant 1'epandage des boues, aucun parasite n'a ete trouve dans les musai'aignes examinees
(ni dans Ie site traite, ni dans Ie temoin). Environ deux mois apres 1'epandage des boues, aucune
difference stadsdquement significative entre les animaux ti-aites et les temoins n'a ete decelee
(test exact de Fisher). Deux animaux temoins (n = 10) et deux traites ont ete trouves avec des
Taenia. sp. Pour les animaux captures un an apres 1'epandage, aucune difference statisdquement
significative entre les sites ti'aites et les temoins n'a ete decouveite (test exact de Fisher). Les
parasites retrouves ont ete des Taenia sp., des Ascarfs sp. et une douve (Tableau 2).
Tableau 1. Prevalence des kystes et des oeufs de differentes especes de
parasites retrouvees dans les echantillons de sol des parcelles temoins (n = 24)
et traitees (n = 24), environ un an apres I'epandage des boues d)epuration.



























Tableau 2. Prevalence des parasites dans les grandes musaraignes {Blarina
brevicauda) vivant sur les parcelles traitees et temoins, en fonction des periodes
cTechantiIlonnage. Les parasites ont etc recherches dans Ie tube digestif et la
cavite interne des musaraignes. 10 musaraignes ont etc echantillonnees par








Parcelles traitees Pai'celles temoins
Periode d'echantillonnage
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Deux mois apres 1'epandage des boues. Ie nombre de campagnols captures sur les parcelles
traitees et temoins etait trop faible pour permettre une quelconque analyse statisdque. Par contre,
un an apr^s Fepandage des boues, un total de 32 campagnols a ete capture sur les parcelles
traitees (Tl et T2) et 30 auti-es sur la parcelle temoin (C3).
Deux especes de parasites ont ete identifiees. Une larve de cestode a ete reti-ouvee chez deux
individus temoins, et 3 cestodes chez un auti'e animal temoin (n = 32). Par contre, 14 animaux
temoins (n = 32) et 14 animaux traites (n = 30) ont ete infectes par une espece de nematode,
Syphacia obevelata. II n'existe aucune difference statistiquement significative entre la prevalence
des differents parasites des animaux t^moins et trails (test du Khi can'e; Tableau 3).
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Tableau 3. Prevalence des parasites dans Ie tube digestif et la cavite interne des
campagnols des champs (Microtus pennsylvanicus) vivant sur les parcelles
traitees (n = 32) et temoins (n = 30), environ un an apres l?epandage des boues
cTepuration.
Prevalence dans les campagnols
















Tableau 4. Comparaisons interspecifiques entre les prevalences des parasites de
micromammiferes dans les parcelles temoins et traitees, environ un an apres
Fepandage des boues.
Campagnols Musaraignes -y2 p
Tarcelles traitees T47306710^^^^^^^^^^^^^ 13 ns
Parcelles temoins 14/32 7/10 1,18 ns
En ce qui conceme la comparaison des prevalences des parasites enti'e les musaraignes et les
campagnols, il n'existe aucune difference significative, entne les animaux vivant dans les
parcelles traitees et ceux vivant dans les parcelles temoins (Tableau 4).
Comparaison temporelle
La comparaison temporelle des prevalences de parasites dans les musaraignes provenant de
parcelles temoins et traitees revele ti-ois differences statisdquement significadves (Tableau 5).
Que ce soit sur les parcelles traitees ou temoins, la prevalence des parasites, un an apres
1'epandage, est superieure a celle precedent 1'epandage (traitees : Test exact de Fisher = 0,01; p
< 0,05; temoins : Test exact de Fisher = 0 ; p < 0,05). II existe pour les parcelles lemoins une
difference entre la prevalence des parasites deux mois (2/10) et un an (7/10) apres 1'epandage




















Tableau 5. Comparaison temporelle entre les prevalences des parasites dans les
musaraignes provenant des parcelles temoins (n = 10) et traitees (n = 10).
Parcelles trailees Parcelles temoins
Periodes cTechantillonnage Prevalence Test exact p Prevalence Test exact p
de Fisher de Fisher
Avant epandage des boues 0/10
Deux mois apres epandage 2/10
Avant ^pandage des boues 0/10
Un an apres epandage 6/10
Deux mois apres epandage 2/10
Un an apres epandage 6/10
DISCUSSION
Les oeufs de parasites retrouves dans Ie sol correspondent a ti'ois especes de nematodes et a une
espece de protozoaire. Ceci s'explique, en partie, par la methode udlisee pour extraire les oeufs
ou kystes du sol. Effectivement, la methode par flottation ne semble pas adaplee a J'extracLion
des oeufs de cestodes et de trematodes (Wallis et c//., 1984).
Au niveau du sol, seuls des oeufs d'une espece de ndmatode ont une plus grande prevalence
dans les parcelles traitees que dans les parcelles temoins fTableau 1). II esl possible que ce
parasite provienne des boues. En effet, ces oeufs ont deja ete trouves dans des boues non-
traitees provenant de la ville de New-York (Berk et Gunderson, 1993). Les oeufs de nematode
sont tres resistants a tous les types de traitement que peuvent subir les boues (Gaspard et al.,
1994). La presence de ces oeufs dans les boues epandues n'est done pas surprenante. II a ete
remarque que les lai'ves contenues dans les oeufs etaient animees de mouvement. II serait
cependant necessaire de realiser des tests de viabilite pour deteirniner plus precisement la
capacite d'infection de ces larves. De plus, il serait interessant de connattre Ie type d'hole
qu'elles peuvent infecter pour evaluer les risques environnementaux associes a celles-ci. Jusqu'a
present, ces oeufs n'ont pas pu etre identifies.
L'idendfication des peuplements pai'asitaires des sols a ete realisee seulement un an apres
Fepandage. Entrel'epandageetla periode d'echantillonnage du sol (un an apres 1'epandage), il
est possible que des oeufs ou des kystes apportes par les boues aient disparu des parcelles
traitdes. En effet, les oeufs et les kystes ont une duree de survie qui dependant des conditions
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climatiques et notamment la temperature, 1'humidite, la lumiere. Des temperatunes elevees, une
forte exposition aux ultraviolets et un faible taux d'humidite diminuent Ie temps de survie des
oeufs et kystes (Wallis et Lehman, 1983; Ben'on, 1984). De plus, les parasites peuvent etne
entraines par les eaux de precipitation jusqu'a une profondeur de 20 cm (Hays, 1977; Storrey et
Phillips, 1985). Cependant, la majorite des parasites sont dans les 5 premiers centimetres de
1' horizon A du sol.
Le nematode d'espece indeteiTninee n'a ete retrouve ni dans Ie tube digestif des campagnols,
ni dans celui des musaraignes. II se peul que ce parasite n'infecte aucune des especes des
micromammifenes etudies. Par contre, s'il est susceptible de les parasiter, il peut aussi se
localiser dans une autre partie de 1'organisme (foie, poumons, coeur, cerveau) que celle reliee au
tube digestif exploree dans cette etude, et done passer inaper9u dans nos resultats. Dans ce cas,
seule 1'identification et done la connaissance du cycle de reproduction de ce parasite pemiettra de
Ie localiser dans Ie coips de I'hote.
Concemant les prdvalences de parasites des micromammiferes, les resultats suggerent qu'il
n'y a aucun impact additif des boues. Un apport de boues ne semble pas entmmer la presence de
nouvelles especes de parasites dans Ie tube digestif el la caviie generale de la grande musaraigne
et du campagnol, et ne semble pas augmenter la charge parasitaire de ces micromammiferes de
fa^on significative (Tableaux 2 el 3). La charge parasitaire des musaraignes n'esl pas superieure
a celle des campagnols, contrairement aux resultats obtenus par Soveri et al. (1994). Par une
etude histopathologique, ces auteurs ont trouve que les musaraignes communes (Sorex arcmeus)
avaient plus de parasites que les campagnols {Microtus agrestis). Ceci s'expliquerait par Ie fait
que Ie taux metabolique des musaraignes est nettement superieur a celui des campagnols. Les
musaraignes sont done dependantes d'un apport constant et eleve de nourriture pouvant etrc
contaminee par les boues r^siduaires (Hanski, 1984). Ainsi, les musaraignes auraient une plus
grande probabilite d'ingerer des parasites que les campagnols. Mais il faut aussi lenir compte du
fait que ces deux especes de micromammifenes ont deux niches ecologiques et deux regimes
alimentaires differents.
La comparaison temporelle des prevalences de parasites dans les musaraignes confirme que la
fertilisation parles boues ne semble avoir aucun impact sur leur charge pai'asitaire (Tableau 5).
Globalement, nous avons note une charge et une diversity de parasites accme un an apres
1'epandage (Tableau 2).
En conclusion, nos resultats suggerent que 1'epandage de boues residuaires ne semble pas
avoir augmente la charge en helminthes dans la cavite generale et Ie tube digestif des campagnols
des champs et de la grande musaraigne. Par contre, suite a 1'epandage des boues. Ie sol semble
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avoir etc contamine par une espece de nematode. Seule la deteiTnination exacle de cet oeuf de
nematode poun'ait peiTnettne d'evaluer les risques environnementaux associes aux boues.
Actuellement, suite a un epandage de boues en milieu forestier, U n'existe pas d'autres eludes
qui aient tente d'evaluer 1'impacl des epandages de boues sur la charge parasitaire de la faune.
D'autres travaux sont encore necessaires pour compleler nos resultats, de fa^on a s'assurer que
d'autres especes de parasites, differentes des helminthes, ne viennent pas augmenter les risques
de contamination des animaux et des humains frequentant les sites valodses.
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CHAPITRE 3
L'ASYMETRIE FLUCTUANTE COMME OUTIL COMPLEMENTAIPIE POUR EVALUER
L'lMPACT DES BOUES
Note 1. Procedure with papain enzyme to clean bones of small mammals. Journal of
Mammalogy (soumis).
Publication 2. Part I. Fluctuating asymmetry of voles as a biomonitor of sewage sludge
application to forests. Journal of Environmental Qualit}' (soumis).
Publication 3. Part II. Fluctuating asymmetry of Pterostichus melananus (coleoptera:
carabidae) as a biomonitor of sewage sludge application to forests. Journal of Environmental
Quality (sownis).
Dans Ie chapitre precedent, seul Fimpact de certains contaminants sur la qualite de
1'environnment a ete ^value. Dans ce chapitre. Ie concept cfinstabilite du developpement a etc
utilise comme methode globale d'evaluadon de la sante de 1'ecosysteme forestier. L'instabilite du
developpement, plus pnecisement 1'asymetrie fluctuante, a ele mesuree chez deux especes : un
micro-mammifere herbivore. Ie campagnol des champs (Micronis pennsylvanicus) et un insecte
predateur (Pterostichiis nielanarius). A travers la lecture des publications 2 et 3, Ie lecteur
decouvdra toute 1'impoilance d'udliser differentes especes pour evaluer la qualite de
1'environnement.
Le concept d'instabilite du developpement n'avail jamais ete utilise dans Ie contexte des
epandages de boues, pourtant elle offre de nombreux avantages (voir Publicadon 2 et 3 de ce
chapitre). Ce travail devrait contribuer a valider et a promouvoir 1'utilisation de 1'instabilite du
developpement des organismes dans les programmes de surveillance de la sante des
ecosystemes.
Au debut de ce chapitre, nous presentons une note concemant la procedure utilisee pour preparer
les os de campagnols surlesquels les mesurcs d'asymetrie fluctuante ont ete realisees (Note 1).
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Cette note devrait interesser toutes les personnes qui doivent ti'availler a pardr des os de
micromammiferes.
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PROCEDURE WITH PAPAIN ENZYME TO CLEAN BONES OF SMALL
MAMMALS
Jean-Marc Bonzom, Frank Sineix, Genevieve Labrie, and Jean-Marie Bergeron
Groune de Recherche en Ecoloeie. Nutrition et Enere6daue. D6nartement de Biolosie. Universite de Sherbrcwke.
Sherbrooke (00. J1K 2R1. Canada
We report a complete and detailed procedure with papain enzyme to clean bones of small
mammals. The procedure was applied on voles {Microtiis pennsylvanicus) to measure the
fluctuating asymmetry of bony stmctures. Bones did not break in the process but 40 % of
epiphysis of the humerus and 28 % of femurs were separated from diaphyses in young animals
because the cardlage was digested by papain. Similarly, 22 % of the skulls were disarticulated.
Adequately used, the papain method rapidly yields good quality bones from a large number of
small mammals for morphometric measures.
Key words: morphometry, fluctuating asymmetry, vole, MicroUts pennsylvanicus, papain,
maceration, bone.
Our project aimed to measure the fluctuating asymmetry (i.e. small random deviations
from perfect bilateral symmetry) of voles (Microtus pennsylvaniciis) to investigate the impact of
municipal liquid sewage sludge application in young forests. The estimation of fluctuating
asymmetry of small mammals, based on length of bones or on the number of foramina of some
bones, can be a powerful biotest to assess environmental or genetic stresses (e.g., Leamy,
1984, 1997; Pankakoski etal., 1992; Borisov etal., 1997; Zakharov etal., 1997; Zakharov and
Sikorski, 1997).
Bone measurements of small mammals are still used in several fields of research. For
example, morphometnc bone measurements can help to draw a subspecific distinction within a
species, e.g. Monodelphis brevicauda (Ventura et at., 1998). Skeletal characters can help to
distinguish species without laborious allozymic, karyotypic, or other molecular determinations,
as done for example, for the genus Geomys (Mauk et al., 1999).
Generally, great precision is needed for these studies, and therefore measures must be
made on intact bones. For example, the fluctuating asymmetry is exceedingly subtle (generally <
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TABLE 1.—Material and methods published to prepare skeletons of small mammals with papain enzyme, n.a. = not available.
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5 % and often < 1 % of trait size) (Palmer, 1994). Moreover, large sample sizes are necessary
for conducting such studies, which implies the use of a rapid method of bone cleaning. Cleaning
with chemicals, such as the proteolydc papain enzyme, is likely to be the most rapid and
.appropriate method to remove flesh from large samples of small mammals (Luther, 1949;
Searle, 1954; Hanski and Kuitunen, 1986; Pankakoski and Hanski, 1989). However, to date,
there arc no publications precisely detailing the papain enzyme method (Table 1).
Based on our vole study, and on previous works (Luther, 1949; Searle, 1954;
Pankakoski and Hanski, 1989) we report here a complete and detailed procedure of maceradon
with the papain enzyme which can be easily applicable for cleaning bones for large samples of
small mammals.
MATEmALS AND METHODS
Sixty voles were captured in Sherman traps in sapling plantations on the campus grounds
of the University de Sherbrooke, Quebec, Canada (45°15'N, 72°00'E) from 1 August to 10
September 1997. The average mass of captured animals (n = 60) was 35.9 g (± 14.39). Animals
were euthanized and the carcasses were kept at - 20° C until analysis.
The animals were eviscerated, skinned, and marked with metallic rings around the
abdomen. They were boiled together in water for 30 minutes, then individually introduced in
glass jars containing a freshly prepared papain solution at 38° C (60 mg of papain in 150 mL of
0.9% NaCl solution prepared with demineralized water). Jars were carefully stirred once a day.
We used non purified papain P-3375 (Sigma Chemical) that was ground before use. The state of
tissue loss (bone cleaning) was checked every 12 hours. We removed carcasses after 62 hours
because bones were clean of their tissues. This elapsed time of maceration compares well with
maceration times reported by other studies, which vary between 2 and 3 days (Searle, 1954;
Pankakoski and Hanski, 1989). After exposure to papain, bones were removed from the
solution and washed in water. Next, bones of each individual were dried on blotting paper, then
placed in a drying oven at 80°C for 72 hours to stop the enzymatic reaction. If this last stage is
not properly carried out, bones arc unsuitable for long-term preservation C\ViUiams et al., 1977).
Boiling for a few minutes is usually required to neutralize the activity of papain, but this is not
quite practical nor rapid when using a large sample of skeletons, because each animal must be
boiled separately.
To assess the success rate of the method, we calculated the relative percentage of
disarticulated bones and the relative percentage of broken bones. We define bone disarticulation
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as the separation of the bone (skull, femur, humerus) into several pieces due to the digesdon of
cardlage by papain (example: the separation of the epiphyses from the diaphysis, for humerus or
femur). In all other cases, if bones were not intact, they were considered as broken.
RESULTS AND DISCUSSION
After 62 hours of maceration, carcasses were thoroughly cleaned. The brain however
was still encased in the skull, in all the case. No bone was broken, but 22 % of the skulls (n =
60), 40 % of the humems and 28 % of the femurs were disarticulated (n =120 for both sides).
Small fragments of flesh were still present on some bones, but they could be removed easily by
rinsing. The humerus and femur disai'dculations were due to the separation of the epiphyses
from the diaphyses. For young animals, epiphyses and diaphyses are linked together with
cartilage, which was destroyed by papain (Luther, 1949). For the same reasons, even for adult
voles, sutures between bones of the braincase opened, making metric measurements of the
braincase impossible. Pankakoski and Hanski (1989) noted the same drawbacks with shrews
cleaned with papain for more than 3 days. To keep skulls intact and usable for foramen counts,
they recommended soaking the skulls for less than 72 hours in the enzyme solution, then
cleaning the residual soft dssues in water under a microscope using a small brush with the hair
cut short (Pankakoski and Hanski, 1989). From our results, 62 hours of maceration was
sufficient to remove all flesh from the bones. A shorter period would permit a reduction in
disarticularion, but would increase the amount of flesh attached to bones. Morphometric
measures on bones to estimate fluctuating asymmetry can be realized from the diaphyses, so that
disarticulation of bones does not cause any biais in measurements. The skulls that were
disarticulated after 62 hours of digestion belonged to animals weighing less than 23 g.
Therefore, the maceradon period of 62 hours is appropriate for voles larger than 23 g. Skulls,
however, should be digested for shorter periods even if this increases the time spent to manually
clean muscular tissues afterwards.
Bones break when the maceration solutions falls below pH 7.0 because the acidity
dissolves the bones (Giintert, pers. comm.). According to Troxler and Schneppat (pers. comm.)
of the Natural History Museum of Berne (Switzerland), the pH can drop very quickly below 6.0
during the maceration period. We advise maintaining a pH between 8.0 and 9.0 with NaOH
addition. A pH of 8.5 is optimal for the enzymatic activity. In our study, this procedure was not
used because we aimed at reducing handling dme with the papain method. The absence of
broken bones suggests that the risk of damaging these structures from low pH is small.
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However, the material used in the present study is different from that of the Natural History
Museum of Berne. Their maceration solution is made of 1000 mL tap-water, lOg NaCl, 0.5g
emulsify liquor: Remolgan PM, 0.5 g bactericid: Mollescal C, 5 g papain, bath temperature:
40°C, pH - buffering: with NaOH. This could explain why we did not encounter problems with
the pH from our own procedures. We recommend checking for pH only in cases where broken
bones are observed.
Bone preservation was also a parameter that we wanted to follow after neutralizadon
from the papain enzyme. The long-term preservation of bones heated at 80° C (for interrupting
the enzymatic activity of papain) was successful because bones are still intact after two years of
storage in our laboratory.
In conclusion, cleaning vole carcasses with papain enzyme is a quick, practical, and
inexpensive method (25 g of non purified papain costs about 17 U.S. $ in 1999), and a small
amount of the product (25 g) is sufficient to clean more than 400 votes carcasses. Bones are not
altered so that large quantities of bony structures can be prepared for morphometric analyses. Its
only drawback is the very unpleasant odor developed during heating even when the material is
kept under a fumehood.
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Part I. Fluctuating Asymmetry of Voles (Micro tus Pennsylvanicus) as a
Biomonitor of Sewage Sludge Application to Forests
Jean-Marc Bonzom, Sophie Belleville and Jean-Mane Bergeron
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Universite de Sherbrooke, Sherbrooke (Quebec) J1K 2R1 Canada
ABSTRACT
Sewage sludge application has a dual consequence on forest ecosystems: (i)
the improvement of forage quality and/or quantity which is generally assumed
to be beneficial for animals, and (ii) the input of sludge substrate and of
contaminants (notably heavy metals) in the environment assumed to be
detrimental to animals. We used the herbivorous meadow vole {Microtus
pennsylvanicus) as bioindicator and the fluctuating asymmetry (FA) of vole as
morphometric biomarker to assess the global impact of municipal liquid sewage
sludge on the health of animals from tree plantations. FA was estimated on the
length of humerus, femur, pelvic girdle, tibia and eleven mandible
measurements of voles sampled from sludge-treated and untreated forest sites at
Sherbrooke's University (Quebec, Canada). Animals from two sludge-treated
sites were compared with those captured on one control site, about 1 year after
the sludge application. There were no significant differences in the level of
asymmetry between sites for all characters. These results suggest that sewage
sludge application had no biological effects on the health of voles, and that the
guidelines of the Quebec government on the sewage sludge application on forest
soils seem effective in protecting environmental quality, at least on the short
term. However, additional short and long-term field studies on several other
species (in particular carnivorous and detritivorous species), will be necessary
to adequately evaluate the impact of sludge application on forest soils and on
environmental health of these species.
Key words: sewage sludge, forestry, Microtus pennsylvanicus, fluctuating asymmetry.
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As part of sustainable development, the amendment of forest soils with municipal sewage
sludge is a common procedure: it is possible to improve tree growth while mitigating the
problem of municipal waste disposal (Smith and Evans, 1977; Berry, 1982; Henry and Cole,
1983; Zasoski et al., 1983; Cole et aL, 1984). However, sludge amendment alters the forest
ecosytems. The pertubations can be quite varied. In fact, organic matter, nutrients and inert
mineral matter contained in the sewage sludge can improve soil quality and can be beneficial to
the development of plants. Therefore, sludge application to forest lands changes the
composition, smcture, or productivity of vegetation as well as the nutritional quality of forage
(see Haufler and West, 1986 for a review). These changes are potendally beneficial to wildlife
populations, which are favored by greater quanddes of ground-level vegetation and by improved
forage quality (Woodyard, 1982; Anderson, 1985; Dube et al., 1994). On the other hand, the
sewage sludge application with heavy trucks, the sludge layer added to soil, and the pathogenic
micro-organisms, trace metals and synthetic organics in sludge represent potendally adverse
effects on soil, plants or animals. The complex interactions between these many factors (i.e.
improved forage quality, trace metals, parasites, etc.) may have either beneficial or detrimental
effects on the stmcture and functioning of populations, communities, and ecosystems. The main
difficulty is to develop approaches for assessing and predicting the various consequences of
these combinations of factors on forest ecological systems.
Developmental stability of organisms can be used as a sensitive tool for monitoring
environmental health under various anthropogenic impacts (see Leary and Allendorf, 1989;
Graham et al., 1993; 1994; Tracy et aL, 1995; Zakharov and Yablokof, 1997 for reviews).
Developmental stability is the ability of a given genotype to consistently produce a given
phenotype in a particular environment (Zakharov, 1989). The measure of developmental stability
most commonly used is fluctuating asymmetry (FA) (Zakharov, 1981; Palmer and Strobeck,
1986). FA is defined as small random deviations from perfect bilateral symmetry that result from
genetic and/or environmental stresses during development (Van Valen, 1962; Palmer, 1994). FA
of morphological characters has been proposed as a powerful biotest to measure environmental
quality (e.g. Leary and Allendorf, 1989; Parsons, 1992; Clarke, 1993; Graham et al., 1993;
Sommer, 1996). Many smdies have shown increased levels of fluctuating asymmetry among
aquatic or land (in)vertebrate populations as a result of environmental disruptions (e.g. Valentine
and Soule, 1973; Pankakoski et al., 1992; Strong and James, 1992; Zakharov et al., 1997;
Groenendijk et al., 1998; Drover et al., 1999; Imasheva et al., 1999; Lens et al., 1999). Most
importantly, fitness components can be assessed by measuring developmental instability (see
Sommer, 1996; M0ller, 1997 for reviews). Several studies have shown that FA is inversely
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proportional to fitness (e.g. Thomhill and Sauer, 1992; Harvey and Walsh, 1993; Naugler and
Leech, 1994; Ueno, 1994). Recently, M0ller's work (1999) seems to confirm that FA is a
robust predictor of performance in fitness parameters such as growth, fecundity and survival.
Developmental stability of individuals could provide a sensitive in situ marker of population
fitness (Sommer, 1996). In estimating the condition of natural populations, FA can be a method
for biomonitoring anthropogenic disruptions, such as those stemming from sewage sludge
application in forest ecosystems.
In this study, we measured fluctuating asymmetry of voles to invesdgate the short term (one
year) impact of municipal liquid sewage sludge application on environmental quality of tree
plantations. Voles were chosen as the test organism because they live in contact with sludge and
soil, (therefore may ingest sludge directly while digging and grooming), they arc above all
herbivorous, very sensitive to forage quality and/or quantity, they are easily caught, they have
small home ranges, they show strict habitat selection, are therefore sensitive indicators of habitat
change, and they were relatively plentiful at all study sites.
MATERIALS AND METHODS
Description of Study Areas
This study was conducted in 1995 and 1996, on five experimental plots located within the
tree plantations of the University of Sherbrooke, Quebec, Canada (45°15'N, 72°00'E). The
study was conducted on two types of forest stands in which the trees were seven years old m
1995. In the first stand, which consisted of red pine (Pinus resinosa), two experimental plots of
about 1 ha each were implemented (one treated with sludge = Tl and one control = Cl). In the
second stand, which consisted of red oak (Quercus rubra) and white oak (Quercus alba\ the
same design was applied and the treatment and control plots were named T2 and C2
respectively. In 1996, another site was used as a control (= C3) because, in the previous year,
no voles were found on the control areas (Cl and C2) used in 1995. Control (Cl and C2) and
treatment plots (Tl and T2) were separated by a forestry road and control and treatment were
approximately 200 m apart. The control C3 was separated by about 900 m of a mature forest
stand from the other sites. The location and slopes of the treated plots were chosen so that runoff
from these plots would not affect the control plots.
Sewage SIudge Application
The sewage sludge used for the trials came from the water treatment facility of the
municipality of Richmond (Quebec, Canada). This treatment facility consists of three aemted
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lagoons. The sludge was taken in the first lagoon in which no chemical dephosphatation is done.
The average dry matter content of the sludge was about 11.2%. In order to maximize the
exposure to contaminants of the animals present on the plots, the application rate of the sludge
corresponded to approximately 200 kg N ha-l (about 39 to 44 t dry wt. ha of sludge, which
was the maxima! application rate per 10-year period suggested by the 1991 guidelines of the
Quebec government for forest land). The sludge was applied on September 15 and 16, 1995,
using commercial spreaders mounted on trucks with high floatation tires.
Vole and Shrew Sampling and Monitoring Program
In 1995, meadow voles were sampled with Museum Special and Victor death traps bailed
with peanut butter in both control and treatment study sites. This sampling method was revised
and in 1996, voles and shrews were captured in Sherman live traps baited with rolled oats and
peanut butter. The animals were captured, marked and released. Only animals trapped twice
were sampled. This method was used to ensure that the animals trapped were residents of the
experimental plots. The sampling was done on three different periods that were: before sludge
application (between September 3 and 10,1995), about two months after the sludge application
(between November? and 16, 1995), and about one year after the sludge application (between
July 17 and October 14, 1996). Voles were captured only one year after the treatment on both
control and h'eated plots (Tl and T2). Due to the small sample size, all adult animals were used
in the study without regard to sex, and voles captured on treated plots (Tl and T2) are pooled
for a more robust comparison between treatments (control and treated). All captured specimens
were frozen at - 20°C in individual bags until preparation of bones.
Preparation of Bones
For removing soft dssues from skeletal material, the proteolytic enzyme papain has been used
to rapidly prepare the large number of skeletons (Luther, 1949; Searle, 1954; Hanski and
Kuitunen, 1986; Pankakoski and Hanski, 1989; Bonzom et al., 1999). The animals were
eviscerated, skinned and marked with metallic rings around the abdomen. They were boiled
together in water for 30 minutes, then individually introduced in glass jars containing a freshly
prepared papain solution at 38° C (60 mg of papain in 150 mL of 0.9% NaCl solution). Jars
were carefully stirred once a day. We used non purified papain P-3375 (Sigma Chemical) that
was ground before use. The state of dssue loss (bone cleaning) was checked every 12 hours: 62
hours in papain solution was the best time to clean carcasses. After exposure to papain,
dislocated skeletons were removed from the solution, thoroughly washed in water, dried on
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Fig. 1. The 22 measurements taken on vole mandibles (right and left). LI - L5,
five mandible lengths; hi - h6, six mandible heights.
blotting paper, then placed in a drying oven at 80° C for 72 hours. This last step is important
because it stops the enzymadc reaction on bones after tissues have been dissolved. If bones are
not properly dried, they are unsuitable for long-term preservation (Williams et al., 1977).
Boiling for a few minutes is usually required to neutralize the activity of papain, but this is not
practical with a large sample including several bone categories. Moreover, this method seems
more appropriate with long bones than with small fragile structures.
Characters Examined
Asymmetry was estimated on the length of humerus (Lh), femur (Lf), pelvic girdle (Lpg),
dbia (Lt) and mandible measurements. Six height measures (hi, h2, h3, h4, h5, and h6) and
five length (LI, L2, L3, L4 and L5) were realized on each mandible (see Fig. 1). Not aU
characters could be measured for all individual since some were damaged during trapping or
cleaning. We used the Festing technique (1972) to realize all metric measurements. This
technique consists in reducing a 1 mm graph paper (realized by computer) photographically to a
quarter size. Two double-thickness glass microscope slides are then glued to the print at right
angles to from the ordinate and abscissa of a graph. Bones were placed on this graph, touching
the glass sUdes always in a standard way. Measurements were done under a dissecting binocular
microscope to a nearest 0.125 mm.
To obtain a totally unbiased estunate of measurement en'or, all measurements were conducted
by the same individual and were conducted using a blind technique (i.e. without reference to
earlier measurements). To estimate measurement error, all characters were measured three times.
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The second replicate measurements were conducted in reverse order of the first and, the third
was done in random order. The time between replicate measurements was equal to the total
elapsed time spanned by one complete set of measurements of all treatment groups (Palmer,
1994).
Preliminary Analyses
Analyses of variance were conducted in SuperAnova 1.11 (Abacus concepts, 1989), and
other statistics were made with SPSS 6.1 (SPSS Inc., 1994). Fluctuating asymmetry calculation
worksheets (Palmer, 1994b) were based on formulae and analyses made by Palmer and Stobeck
(1986) and Palmer (1994a).
Because differences in values of bilateral characters are usually small, generally < 5 % and
often < 1 % of character size (Palmer, 1994a), it is necessary to test if the between-side variation
is significandy larger than the measurement error. If it is not the case, then FA tests are not
justified. To evaluate measurement error relative to between-side variation for the metric
characters, we used the method described by Palmer and Strobeck (1986). We conducted a two-
way ANOVA (sides x individuals) for each character. From ANOVA results, we used a F-test
between the interaction mean square (MS sj) and error mean square (MS m) with degrees of
freedom (S - 1) (J -1) and SJ (M - 1), where S = number of sides, J = number of individuals,
and M = number of replicates. The Sequential Bonfen-oni test was applied (Rice, 1989). For all
characters of each sample, the between-side variation is significantly larger than the
measurement error (Table 1).
Three sorts of asymmetry exist: direcdonal asymmetry (DA), andsymmeu-y (AS), and
fluctuating asymmetry (FA) (Van Valen, 1962). Because DA and AS may have a genetic basis,
only FA reflects with certitude an envu-onmental stress that occurs during the organism's
ontogenesis. Thus, it's important to test the presence of directional asymmetry and antisymmeti-y
before analyzing FA (Palmer, 1994a). To detect directional asymmetry, we calculate for each
sample and each character the ratio between mean (R - L) and standard error (R - L) and the
significance test is an one-sample t-test (Palmer, 1994a). The Sequential Bonferroni test is also
applied (Rice, 1989). No significant directional asymmetry was found in any of the samples for
all characters (p > 0.05). To test for departure from normality, skewness (gi), and kurtosis (g^),
as well as standard error for s , and for s^ respectively, and for signed (R - L) values of each
character were calculated. The significance test is a one-sample t-test which compares ts = g, /
Sgi and ts = g2 / Sg^ versus values of t for an infinite degree of freedom (Palmer, 1994a). The
Sequential Bonferroni test was applied to the data (Rice, 1989). Two measurements presented a
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Table 1. Results of two-way ANOVA (sides x individuals) to determine for all
characters of each sample (control or treated), whether the between-side
variation is significantly larger than the measurement error. Column F

































































































































































































f df = degree of freedom, Lh
length of pelvic girdle, Lt =
mandible, L 1-5 = five lengths
= length of humerus, Lf = length of femur, Lpg =
length of tibia, hl-6 = six heights measures on
measures on mandible.
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distribution skew at right side (control: Lt: g, = 2.012, P < 0.001; L4: gj = 1.396, P < 0.001),
and two toward the left side (treated: LI: g, = - 1.363, P < 0.01; hi: g^ = - 1.363, P < 0.01).
Five other measurements presented a leptokurtic distribution (control: h4: g^ = 3.559, P <
0.001; Lt: g2 == 3.619, P < 0.001; L4: g^ = 2.858, P < 0.001. Treated: LI: g^ = 3.940, P <
0.001; L4: g^ = 3.431, P < 0.001). On the other hand, no significant departure from normality
was found for others measurements (p > 0.05).
An association between character size and the degree of asymmetry can distort conclusions
concerning analyses of asymmetry (see Palmer and Strobeck, 1986 for explanation). In order to
detect size dependence in all characters, absolute difference (R - L) was regressed against
character size ((R + L) / 2). No size dependence was detected, so that, no size scaling was
necessary for all characters, except for L4 control and Lgc treated (Table 2). Interpretation of FA
population differences in these last two characters should be treated with caution.
Fluctuating Asymmetry Index
Because characters presenting a skewed or leptokurtic distribution may have a genetic basis
(Palmer and Strobeck, 1992), Lt, hi, h4, LI, and L4 measurements have been excluded from
FA analyses.
To assess difference in FA for all characters among the two sites (control and treated), we
used the Palmer's index FA10 (Palmer, 1994a), which represents the magnitude of FA after the
measurement error has been removed: [FA10 = (interaction mean square minus error
measurement mean square) divided by the number of replicates].
Mean squares came from the two way ANOVAs (sides x individuals) used to measure the
error relative of the between-side variation (see above). The difference in FA between treated
and control sites was calculated by F-tests using the FA10 index. Approximate degrees of
freedom for FA10 have been calculated according to Palmer's formulae (Palmer, 1994a; 1994b).
RESULTS AND DISCUSSION
FA10 values for all characters analyzed and F-test results are presented in table 3. There were
no significant differences in the level ofasymmetry between sites for all characters.
Developmental stability was established as one of the most general ontogenic characteristics
useful for biomonitoring the health condition of natural populations (Zakharov et aL,1997). The
increased fluctuating asymmetry of various morphologic characters has been found in natural
animal populations exposed to a range of anthropogenic environmental stresses (see M0Uer and
Swaddle, 1997 for a review). Therefore, the lack of differences in the level of asymmetry
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Table 2. Results of regression analyses of size-dependence of FA for all
characters of each sample (control or treated). Absolute difference right-minus-
left character values IR - LI was regressed against character size ((R + L) / 2).






























































































































f df = degree of freedom, Lh = length of humerus, Lf = length of femur, Lpg =
length of pelvic girdle, Lt = length of tibia, hl-6 = six height measures on
mandible, Ll-5 = five length measures on mandible.
between treated and control populations suggests that one year after the sewage sludge
application, there was no impact on vole's development, i.e. on the environmental health of
voles. FA in voles is a consequence of the environmental quality experienced by mothers and
fetuses during pregnancy or lactation (Siegel and Doyle, 1975), and also by young voles during
post-weaning growth. Because voles have a relatively short live span (< 1 year), voles that were
collected from August to October 1996 had realized all their ontogenesis on treated sites.
Therefore, the sewage sludge was present throughout the development of the characters chosen
as indicators.
As several studies have already shown on FA (see Sommer, 1996 for review), our results
suggest that the contaminant concentrations present in the sewage applied represented no risk for
the health of voles. In an earlier study, cadmium (Cd), lead (Pb), and mercury (Hg)
concentrations have been detected in livers and kidneys of the same voles (Bonzom et at. , 1998;
1999). The application of sewage sludge significantly increases Pb concentrations in voles, but
these concentrations were not high enough to be toxic for animals. In another investigation
(Bonzom et al., 1999), internal helminth parasites in these voles have been listed. Sludge does
not contaminate voles with any specific parasites, and does not increase the voles' parasitic load
in a significant way. The results of FA presented here are in accordance with the results on
heavy metal concentrations analyses and the parasitic load in voles. Sewage sludge application
has no biological effects on the health of voles. FA has enabled us to assess the synergetic
effects, or interaction, of several contaminants present in sewage sludge (i.e. pathogenic micro-
organisms, trace metals and synthetic organic), which are impossible to study by other means
(Pankakoski et aL, 1992).
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Because sludge application improves forage quality and/or quantity (Woodyard, 1982;
Anderson, 1985; Dube et al., 1994), some animal populations increase in number, e.g.
earthworms (Dindal et al., 1979; Hamilton, 1983), Columbia black-tailed deer {Odocoleus
hemionus columbianus) (Anderson, 1983), meadow vole (Microtus pennsylvanicus) (Anderson
and Barett, 1982), deer mice {Peromyscus spp.) (Thomas, 1983; Seon, 1984). In this study,
following the sludge application, an important increase in vertical and horizontal cover in
herbaceous vegetation has been observed (J.-M. Bonzom, unpublished data). Moreover, sludge
application in previous studies has most likely improved forage quality through increased protein
and phosphorus concenh'ations in leaves (Campa, 1982; Anderson, 1983; Seon, 1984). From
the results of FA analyses, there is no significant difference in the level of developmental
stability between the treated and control populations. This suggests that the changes m
vegetation have not led to an increase in the developmental stability of voles, in other words,
have not improved the condition of the organisms. Even so, it is possible that the improved
forage quality and/or quality producted a posidve impact on the health of voles by offsetting
some negative impacts of sewage sludge, such as the transfer of trace metals in the food-chain.
FA of voles could be a useful method for biomomtoring sewage sludge application on forest
soils because the level of FA of treated voles simultaneously reflects the dual nature of sludge
application: (i) the improvement of forage quality and/or quantity which is generally assumed
beneficial for animals, and (ii) the input of sludge material on the ground and the related
contaminants (notably heavy metals) in the environment assumed to be detrimental for animals.
In the present study, the fitness components of voles for each site (control and treated) are
unknown, but high asymmetry has been associated with reductions in fitness components
ranging from growth, fecundity, survival and mating success in a wide variety of animals and
plants (M0ller, 1997; M0ller and Swaddle, 1997). As there were no significant differences in the
levels of asymmetry between sites, it is very likely that sewage sludge had no consequence on
fitness components a few months after the sludge application.
FA is most likely to be detected and correctly interpreted than other bioindicators of
environmental stress because developmental instability is a much more sensitive indicator of
stress than mortality for example (Campbell and Emlen, 1996). Sludge application is in general
strongly regulated by governments (as in Canada), so that, the concentrations in contaminants
(specially in trace metals) can be considered relatively safe for the environment. Therefore, in the
present short-term study, it is unlikely that sludge application has resulted in selective removal of
less fit individuals, i.e. the most asymmetric ones. The effect of sludge on the development of
voles has certainly not been underestimated in the present study.
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Table 3. Results of F-test analyses comparing the level of fluctuating
asymmetry (= FA10) for nine characters in meadow voles (Microtus
pennsylvanicus} from control and treated sites (see text for more information).
There are no significant differences (P > 0.05). Samples size are indicated in
parentheses with the value of FA10 for each character and treatment. Column F-
test represents F-values with in parentheses, at the left side, the degree of


















































































f FA = fluctuating asymmetry, n = number of voles sampled, df = degree of
freedom, Lh = length of humerus, Lf = length of femur, h2, 3, 5 and 6 = four
height measures on mandible, L2, 3, and 5 = three length measures on
mandible.
In conclusion, one year after the sewage sludge application, it seem that no apparent
biological stresses were at work according to the FA measures made on M. pennsylvanicus.
These results suggest that the guidelines of the Quebec government for the sewage sludge
application on forest soils seem effective in protecting envu-onmental quality on a short term
basis (MENVIQ et al., 1991). However, additional longer term field studies, using several
animals species should be made in order to adequately evaluate the impact of sludge on
environmental health of animals.
Developmental instability is not necessarily measurable in all species living in stressed
habitats (review in Tracy et al., 1995). Because of the transfer of contaminants in food-chains,
and the biomagnification of toxics (notably heavy metals and synthetic organics), insect! vorous
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and camivorous animals, as well as detritivorous and predaceous soil macrofauna could
accumulate much higher concentrations of contaminants than herbivores such as voles (Beyer et
aL, 1985; Hegstrom and West, 1989). Future studies should assess the fluctuating asymmetry
of anmials of this trophic group in order to biomonitor more accurately the impact of sewage
sludge on environmental health. In the present study, we did not use small insectivorous
mammals, such as shrews, as biomonitors due to the small sample size collected during
trapping. Shrews generally show lower densities than voles, and in the case of small study
areas, as in the present study, it is difficult to collect a sufficient number of shrews for sample
analysis. On the other hand, certain insects, such as many species of carabidae, are often
abundant and live on the ground or in the leaf litter, and are predators and/or detrivores. These
attributes make them particularly suitable as biomonitors, and would be a favorable complement
to vertebrate species such as voles. The combined use of FA on carabidae and voles may
provide a sensitive biomonitoring system for assessing more accurately the effects of sewage
sludge application to forests.
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Part II. Fluctuating Asymmetry of Pterostichus melanarius (Coleoptera:
Carabidae) as a Biomonitor of Sewage Sludge Application to Forests
Jean-Marc Bonzom, Sophie Belle ville, and Jean-Marie Bergeron
Groupe de Recherche en Ecologie, Nutrition et Energetique, Departenwnt de Biologie,
Universite de Sherbrooke, Sherbrooke (Quebec) J1K 2R1 Canada
ABSTRACT
Fluctuating asymmetry (FA) of organisms can be used as a sensitive tool for
monitoring environmental health under various anthropogenic impacts. We
estimated the fluctuating asymmetry of a predator ground beetle (Pterostichus
melanarius) as morphometric biomarker to assess the global impact of municipal
liquid sewage sludge on the environmental quality. Fluctuating asymmetry was
estimated on the length of the antenna's second segment and the number of
spines on the tibia of the second pair legs of P. melanarius sampled from
sludge-treated (= T) and two untreated (= C and C3) forest sites at
Sherbrooke's University (Quebec, Canada). The control C and treatment stands
T were approximately 200 m apart. The control C3 was separated by about
900 m of a mature forest from the other sites. The antennae FA values were not
significantly different between the 3 sites. On the other hand, the spine FA
levels of the control site C3 were greater than those from the control site C and
treated T plot. According to these values, there was a higher developmental
stability of P. melanarius on the treated site T and on the control site C than on
the second control site C3. Our results suggest that municipal sewage sludge
applications have no short-term impact (2 years) on the P. melanarius
development, i.e., on the environmental quality of their habitat. These results
agree with the conclusions of a previous study where we had shown that FA on
meadow voles from treated sites was not significantly different from that of
control sites. These results suggest that the guidelines of the Quebec
government on the sewage sludge application on forest soils seem effective in
protecting environmental quality on the short term basis (MENVIQ et al. 1991).
Key words: sewage sludge, forestry, ground beetle, fluctuating asymmetry.
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Developmental stability represents the stable development of a phenotype under given
environmental conditions (M0ller and Swaddle, 1997). A range of environmental (e.g. food
deficiency, heavy metals, pesticides, radiations, toxic chemicals, woodland fragments) and
genetic factors (e.g. inbreeding, hybridization, novel mutants) is know to affect the ability of a
wide variety of organisms to develop stable phenotypes (review in Clarke and McKenzie, 1987,
1992; Parsons, 1992; Freeman et al., 1993; Graham et aL, 1993; Tracy et al., 1995; Zakharov
and Yablokov, 1997; M0ller and Swaddle, 1997). Fluctuating asymmetry (FA) is the most often
used measure of developmental stability (Zakharov, 1981, Palmer and Strobeck, 1986). FA can
provide a sensitive morphometric biomarker to detect and assess the effects of environmental
stresses, on a variety of organisms (e.g. plants: Tracy et al., 1995; M0ller, 1998; Roy and
Stanton, 1999; invertebrates: Clarke and McKenzie, 1992; Strong and James, 1992;
Groenendijk et al., 1998; small mammals: Pankakoski et al., 1992; 1994; fishes: Sanchez-Galan
et aL, 1998; Bonzom et aL, 1999; sea mammals: Zakharov et al., 1997; birds: Lens et al.,
1999).
In the meadow vole, Microtiis pennsylvanfcus, it has been shown that following municipal
sewage sludge application on forest land, the level of FA on bone structures did not increase
which suggests that one year after the municipal sewage sludge application, according to the
guidelines issued by Quebec government (MENVIQ et al., 1991), no biological stress was
indicated according to the FA technique applied on voles (Bonzom et aL, 1999). Municipal
sludge is a fertilizer containing nutrients, organic matter but also contaminants such as
pathogens, trace metals and synthetic organics. However, developmental instability is not
necessarily measurable in all species living in a stressed habitat (review in Tracy et al., 1995).
Moreover, because of the transfer of contaminants in the food-chain, and of biomagnification of
toxics, notably heavy metals and synthetic organics, carnivorous and detritovorous animals
could accumulate much higher concentrations of contaminants than herbivores, such as voles
(Beyer et al., 1985; HegsU'om and West, 1989). Therefore, following a sludge applicadon,
environmental stresses could particularly affect the species at the top of the food chain compared
to species of lower trophic levels.
Since FA analyses did not vary between herbivorous voles living on treated and control sites,
we then focused on FA analyses from a predator insect. This was done by comparing the levels
of FA of ground beetles, Pterostichiis melamiriiis (Coleoptera: Carabidae), living under sludge-
exposed conditions to those of beedes living in control sites. The hypothesis is that




Description of Study Area and SIudge Application
Characteristics of the study area and principles of the sewage sludge application have been
presented in details in Bonzom et al. (1999). The study was conducted in 1997 on five
experimental plots located within the tree plantations of the University of Sherbrooke, Quebec,
Canada (45° 15'N, 72°00'E). Trapping occurred on two treatment sites (= Tl and T2) and on
three control sites (= Cl, C2, C3). Control (Cl and C2) and tt-eatment plots (Tl and T2) were
separated by a forest road and the control and treatment stands were approximately 200 m apart.
The control C3 was separated by about 900 m of a mature forest from the other sites. The
location and slopes of the treated plots were chosen so that mnoff from these plots would not
affect the control plots.
The sewage sludge used for the trials came from the water treatment facility of the
municipality of Richmond (Quebec, Canada). The average dry matter content of the sludge was
about 11.2%. The application rate of the sludge corresponded to approximately 200 kg N ha
which represented the maximum permissible rate by the Quebec guidelines at thai time
(MENVIQ et al., 1991). The sludge was applied on September 15 and 16, 1995.
Ground Beetle Sampling
Nearly two years after the sludge application (between July 17 and August 25, 1997), adult
P. melnnariiis were collected using pitfall traps on both control and treated plots. All captured
specimens were stored in ethyl acetate until examined. Because Cl and C2 (control) plots arc
very near to each other, 50 adult insects by plot were randomly selected and pooled afterwards
to form a single control sample (= C). The same procedure was applied for the treated plots Tl
and T2 (= T).
Species and Characters Examined
Like most of the carabidae, P. melanarius adults live commonly on the ground and in the
litter. Adult ground beedes are commonly found under stones, logs, leaves, bark, debris, or
running about on the ground. When disturbed, they run rapidly, but seldom fly (Bon'or et al.,
1989). The adults feed on a wide variety of animals, including snails, worms, and adults or
immature insects of many kinds. The rate of food intake can be as high as three times their body
weight per day (Thiele, 1977). The larvae are slender with strong mouthparts, well-developed
legs, and a pair of terminal urogomphi (cercus-like organs). They are predaceous, feeding on
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other insects. They are usually found in the soil or under ground cover, where they hunt for
their prey (Ross et al., 1991).
P. inelanarhis is a fall breeder. The females begin to lay their eggs at the end of spring until
early fall. The larvae are found from summer to spring of the following year, but mainly, the
new generation appears mainly next summer (Bousquet, 1986). The adults of the new
generation are able to reproduce the same year they emerge under certain climatic conditions
(Luff, 1973; J0rum, 1980). Hibemation occurs in the larval and adult stages. The adult
population usually has one activity cycle per year.
Fluctuating asymmetry was estimated on the length of the antenna's second segment and
between the number of spines on the tibia of the second pair legs. Antennas were removed from
both sides of each individual using fine forceps and were mounted in Hoyer's medium (Martin,
1977) on glass microscope slides. Second segment of antenna were measured with an ocular
micrometer at 40 magnification. Spines were scored under a binocular dissecting microscope at
40 magniflcation.
FA from antenna and spines were calculated as the absolute value of the right (R) minus left
(L) difference |R - L|.
To obtain a totally unbiased estimate of measurement error, all measurements were conducted
by the same individual and were conducted according to a blind technique (i.e. without reference
to earlier measurements).
Since sample size was large (100 individuals by site) the measurement error was made three
times on a subsample of 30 individuals. For the site C3, all individuals (n = 20) were measured
three times. Measurements followed the procedure recommended by Palmer (1994a).
Statistical Analyses
Analyses of variance were conducted in SuperAnova 1.11 (Abascus Concepts, 1989), and
other statistics were made with SPSS (SPSS Inc., 1994), using fluctuating asymmetry
calculation worksheet (Palmer, 1994b) based on formulae and analyses presented by Palmer and
Strobeck (1986) and Palmer (1994a).
Before doing these however, it is necessary to test if the between-side variation is
significantly larger than the measurement error. If it is not the case, then FA tests arc not
jusdfied (Palmer, 1994a). To evaluate measurement en-or for the metric trait, we used the
method described by Palmer and Strobeck (1986). We used a two-way ANOVA (sides x
individuals). From ANOVA results, we used a F-test between the interaction mean square (MS
sj) and error mean square (MS m), with degrees of freedom equal to (S - 1) (J - 1) and SJ(M -
114
1), where S = number of sides, J = number of individuals, and M = number of replicates. For
all samples, the between-side variation is significantly larger than the measurement error (site T:
F29. 120 = 59-40' p < a00^ site c: F29. 120 = 64-60' p < a001; site C3: F19. 80 = 22-71' p <
0.001). The meristic trait was counted without any measurement error because all replicates
were equal.
Characters that demonstrate fluctuating asymmetry arc distinguished from those having
direcdonal asymmetry or and-symmetry when the noi-mal signed left-minus-right character
values have a mean not deviating significantly from zero (M0ller and Swaddle, 1997). To detect
direcdonal asymmetry we calculate for each sample and each trait the mean ratio (R - L) / error
standard (R - L) and the significance test used is a one-sample t-test (Palmer, 1994a). The
Sequential Bonfen-oni test is applied (Rice, 1989). No significant dinecdonal asymmetry was
found in any of the samples tested (p > 0.05). To test for departure from normality, skewness
(gt), and kurtosis (g^), as well as standard error of (s ^ and (s 3 ) respectively, and for the
signed (R - L) values of each trait, we used a one-sample t-test to compare ts = g, / s i and ts =
§2 / sg2 versus values of t for an infinite degree of freedom (Palmer, 1994a). The Sequential
Bonfen'oni test was applied (Rice, 1989). No significant departure from normality was found in
any of the samples tested (p > 0.05).
An association between trait size and the degree of asymmetry can distort the results of FA
analyses (Palmer and Strobeck, 1986). In order to detect size dependance in spine and antenna
length, absolute difference (R - L) in trait was regressed against trait size ((R + L) / 2). No size
dependance was detected, so, no size scaling was necessary to correct the raw data of antenna
length (site T: r = 0.091, Fi ^ = 0.816, P = 0.36; site C: r = 0.059, F, 99 = 0.348, P = 0.56;
site C3: r = 0.038, F^ ,9 = 0.027, P = 0.87), and spine (site T: r = 0.018, F^ 99 = 0.030, P =
0.86; site C: r = 0.031, F, ^ = 0.095, P = 0.76; site C3: r = 0.084, F, ^ = 1.652, P = 0.21).
Differences in FA of spine and antenna measurements among the three sites (T, C, and C3)
were tested with a one way ANOVA for each trait on |R - L | calculated separately for each
individual, and pairwise Tukey-Kramer tests were made to evaluate which group means were
significantly different.
RESULTS AND DISCUSSION
Mean absolute FA values ( ± SE) for tibia spines and the length of the antenna's second
segment as well as ANOVA results are presented in Table 1.
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Table 1. Mean absolute fluctuating asymmetry |R - L | values ( ± SE) and
ANOVA results for tibia spines and antenna length of P. melanarius in three
sites (T = sludge; C = control; C3 = control). Tukey-Kramer test was
performed when ANOVA indicated significant differences. * indicates

























4.934 0.008 T vs C3*
C vs C3*
t T = Treated. C and C3 = Control, n = Numbers of ground beetles
The antennae FA values were not significantly different between the 3 sites. On the other hand,
the spine FA levels of the control site C3 were greater than those from the control site C and
treated T plot. According to these values, there was a higher developmental stability of P.
melananus on the treated site T and on the control site C than on the second control site C3. Our
results suggest that municipal sewage sludge applications have no short-term impact (2 years) on
the P. melanurius development, Le. on the environmental quality of their habitat. These results
agree with the conclusions of a previous study where we had shown that FA on meadow voles
from treated sites was not significantly different from that of control sites (Bonzom et al., 1999).
High levels of asymmetry have already been associated with reductions in fitness components
such as growth, fecundity, survival and mating success in a wide variety of plants and animals
(M0ller, 1997; M0ller and Swaddle, 1997). In the present study, fitness components of P.
melanarius for each site (control and treated) are unknown. As FA of P. meUmarius from treated
sites was not significantly different from thai of the control site C, and significantly lower than
that of control site C3, it is very likely that sewage sludge did not decrease the fitness of P.
melanarius after two years of sludge application.
Many studies present evidence that environmental stresses increase insect's FA: e.g.
temperature in the Diptera Liicilia cuprina (Clarke and McKenzie, 1992) and in the Drosophila
nielcuwgaster (Parsons, 1962); climatic extreme conditions in the Lepidoptera Coenonympha
tullia (Soule and Baker, 1968); fertilizer factory effluents in the Diptera Chironomus salinamis
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(Clarke, 1993a) and in the Neuroptera Chi-ysopu perla (Clarke, 1993b); inveiTnectin in the
Diptera Musca vetnatissima (Clarke and Ridsdill-Smith, 1990); benzene and lead in the Diptera
D. melcuwgaster (Graham et al., 1993); carbaryl in the Odonata Xanthocnemis zealanclica
(Handersen and Wratten, 1998). In the present study, FA values even suggest that the current
environmental conditions of the control site C3 were not as good as those present on the treated
site and the control site C for P. tmlanarius. Environmental quality is then not different between
the treated and control site C. The high capture levels of P. melanarius on both plots is indirect
evidence that reproduction and survival of larvae were equally high compared to C3 stand where
capture levels were much lower.
Municipal sewage sludge represents a valuable source of plant nutrients containing high
levels of nitrogen, phosphorus, and potassium (Pimentel et al., 1983). Indeed, after the first
year of sludge application, we registered a rapid growth of white oak {Quercus alba) (Bonzom et
al., 1999), as well as, an important increase in herbaceous vegetation (J.-M. Bonzom, pers.
obs.). Previous studies have shown that such nutrient enrichments stimulate increases in ground
beede abundance and biomass in short grass prairies (Lavigne and Campion, 1978). Larsen et
al. (1996) found that carabid abundance and diversity were still significantly higher after 11
years following sewage sludge application compared with control plots. The authors thought
that the carabid response was an indirect result of the increased plant biomass caused by the
nutrient enrichment (Sedlacek et al., 1988), which could support a higher diversity and
increased densities of the arthropod fauna (Hurd and Wolf, 1974; Kirchner, 1977; Pimentel and
Wameke, 1989). Increased plant growth means more food to herbivores which can support
larger populations of predators such as ground beetles. We showed elsewhere that sludge
application (1 year after application) seemed to promote insect herbivory on the leaves of white
oaks (J.-M. Bonzom, unpublished data). This is suggesting that fitness components of P.
melaiwrius inhabiting the treated site could be higher than that of animals inhabiting the control
sites. However, our results of FA suggest that fitness components were similar for animals of
the treated and control plots but lower for these living on the second control stand. Several
studies have showed a negative relationship between developmental instability and fitness
components (see M0ller, 1997 for review).
Developmental stability is understood and used as an non-specific stress indicator (Tracy et
al., 1995; Zakharov and Yablokov, 1997; M0ller and Schaddle, 1997 for reviews). FA pennits
to visualize simultaneously the synergetic, antagonistic or additive effects of sewage sludge on
forest ecosystems, which would be impossible to study otherwise (Pankakoski et al., 1992).
We used FA on voles as a biomarker to biomonitor sewage sludge application to forest soils
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(Bonzom et al., 1999), FA data of treated P. melanarius give an integrated response of
environmental health after sludge application, that is the improvement of forage quality and/or
quantity which is generally assumed beneficial for animals, and the input of contaminants (i.e.
pathogenic micro-organisms, trace metals and synthetic organics) in the environment assumed to
be detrimental for animals. FA provides a scientific basis for managerial decisions concerning
the rapid assessment of environmental impact in relation to cost/benetit estimations.
Previous studies at the sites of the present study have focused on cadmium, lead and mercury
concentrations in small mammals, tree leaves, tree growth, parasite contamination of voles and
FA analyses of specific voles traits (Bonzom et al., 1999). If sewage sludge is applied to forest
soils according to the guidelines of the Quebec's government (MENVIQ et al., 1991), our
results suggest that it did not impact negatively the health of young trees and small mammals on
a short-term basis. In the present study, we could not find any biological stress based of FA
analyses that could influence P. melanarius population health. This is suggesting that the
guidelines of the Quebec government on the sewage sludge application on forest soils seem
effective in protecting environmental quality on the short term basis (MENVIQ et al. 1991).
Longer term studies should be made to evaluate the cumulative impact of sludge components
through time.
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CHAPITRE 4
L'ASYMETRIE FLUCTANTE COMPAREE A D'AUTRES BIOMARQUEURS
Publication 1. Fluctuating asymmetry and hepatic EROD activity in the three-spined
sdckleback (Gasterosteiis aculeatiis)'. two complementary biomarkers to monitor aquatic
ecosystems. Aquatic Toxicology (a sownettre).
Le chapitre precedent a contribue a demonti'er la pertmence de 1'instabilite du developpement des
organismes pour evaluer la quality de 1'environnment. Ces eludes ont ete realisees dans Ie
contexte des epandages des boues d'epuradon en milieu forestier.
Dans ce chapitre, nous demontrons que Ie concept d'instabilite du developpement peut etne
egalement applique dans tout autne programme de surveillance, comme par exemple celui de la
qu;^t6 des eaux (Publk;adon 1).
Le 'it principal de cette etude etait d'dvaluer la sensibilite de 1'asymetrie fluctuante par rapport
a d'.. ..\s biomarqueurs plus couramment utilises dans les programmes de surveillance de la
qualite u^s eaux. L'objectif recherche etait de montrer que 1'asymeti'ie tluctuante chez les
poissons represente une methode complementaire interessante pour evaluer la sante des
ecosystemes aquatiques.
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Fluctuating asymmetry and hepatic EROD activity in the three-spined
stickleback (Gasterosteus aculeatus): two complementary biomarkers to monitor
aquatic ecosystems.
Jean-Marc Bonzoma'b, Selim Ait-Aissab, Fran^ois Brionb, Denis Reale0, Veronique Poulsenb,
Jean-Mane Bergerona, Jean-Mai'c Porcher , and Erie Thybaud
a Groupe de Recherche en Ecologie, Nutntion et Energetique, Departement de Biologie,
Universite de Sherbrooke, Sherbrooke, Canada, Laboratoire d'Ecotoxicologie et de
Toxicologie, Institut National de 1'Environnement Induslriel et des Risques, Parc Technologique
ALATA Vemeuil en Halatte, France, c Biology Department, McGill Universily, Monlreal,
Canada
Abstract
Several studies have indicated that fluctuating asymmetry (FA) of organisms may be a sensitive,
simple and inexpensive tool for monitoring environmental quality under various anthropogenic
impacts. In this study, we evaluated the FA sensitivity compared with ethoxyresorufin-0-
deethylase (EROD) activities in the three-spined sdckleback (Gasterosteus aculeatus) exposed to
the biocide pentachlorophenol (PCP) in lotic aquadc mesocosms. Two channels were
continuously contaminated with PCP at 100 p.g L'1 (= PCP-high), two channels had PCP at
10 ng L'1 (= PCP-low) while two others received the solvent ethanol at 25 mg L'1 (which is the
same ethanol concentration as in the PCP channels) and the last two channels were used as
control. Sub-adult fishes born in these channels were captured about one year after the start of
the chronic contamination experiment, and FA was estimated on both number of pectoral fin
rays and fresh mass of both eyes. Number of pectoral fin rays did not differ between treatments.
On the other hand, the differences in FA of eye mass between treatments were significant. In
PCP-high channels, fishes were less symmetric than fishes from control channels (P = 0.034),
and from PCP-low channels (P = 0.046). Moreover, fishes from PCP-high channels tended to
be less symmetnc than fishes from solvent channel (P = 0.08). All other differences between
treatments were not significant. Hepatic EROD activity was not significandy different between
PCP-high and PCP-low animals (P = 0.52), but was significantly higher in PCP-high animals
over control (P = 0.0007) and solvent-reared individuals (P = 0.0001). EROD was significantly
higher in PCP-low fishes compared to control (P = 0.0002) and solvent-reared animals (P =
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0.0001). EROD was significantly lower in solvent treated individuals compared to control
animals (P = 0.011). Our results showed the usefulness of FA measurements in organisms to
detect pollutants in water ecosystems. FA measurements in fishes is an easy, rapid and
inexpensive way to assess environmental quality in both laboratory and field studies. FA
measurements based on a higher number of traits, coupled with other biomarkers such as
EROD, hepatosomatic index (HSI) and spleen somatic index (SSI) may allow the detection of
bioavailable pollutants at low toxic concentrations.
Key words: Fluctuating asymmetry, EROD, fish, pentachlorophenol, hepatosomatic,
gonadosomatic, condition factor, spleen-somatic, mesocosm
1. Introduction
Interest in sustainable development and public concern about environmental threats have
stimulated governments to develop their capacity to monitor and assess the slate of the
environment (OECD, 1994). The assessment of sublethal and combined effects of human
acdvides on the health of aquatic ecosystems represents an important challenge for
environmental sciendsts. The biomonitoring of the aquadc environment quality needs simple and
inexpensive methods that can be used routinely. Moreover, these methods must be sensitive, i.e.
capable of detecting stress levels well before certain components of aquatic communities (e.g.
invertebrates, plants, fishes) are affected or disappear.
Several studies have indicated that developmental stability indices may be such a monitoring
tool for environmental quality under various anthropogenic impacts (e.g. see Leai'y and
Allendorf, 1989; Clarke, 1993; Graham et al., 1993, 1994; Tracy el al., 1995; M0ller and
Swaddle, 1997; Zakharov and Yablokov, 1997 for reviews). The developmental stability of
organisms can be viewed through the stable development of phenotypes under a given
environmental condition (M0ller and Swaddle, 1997). The most commonly used measurement
of developmental stability is fluctuating asymmetry (Zakharov, 1981; Palmer and Strobeck,
1986). FA is defined as small random deviations from perfect bilateral symmetry that result from
genetic and/or environmental stresses during development (Van Valen, 1962; Palmer, 1994).
Many studies have shown increases in fluctuating asymmetry of traits among aquatic
(in)vertebrates populations as a result of environmental disruptions. For example, populations
living in polluted habitats have higher FA levels with regards to certain phenotypes than those
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living in non polluted habitats (inveitebrates: Clarke, 1993; Groenendijk et al., 1998;
amphibians: Chubinishvili, 1998; fishes: Ostbye et al., 1997; Sanchez-Galan et al., 1998;
marine mammals: Zakharov et al., 1997). Moreover, laboratory experiments have shown an
increase in FA for individuals grown under polluted conditions (e.g. fishes: Valentine and
Soule, 1973; insects: Hardersen and Wratten, 1998).
Most of all, FA is able to detect chronic sublethal stresses in the environment, well before the
decrease of population fitness (Clarke and McKenzie, 1992; Graham et aL, 1993; Clarke, 1995;
M0ller and Swaddle, 1997). This fact is of particular importance for biomonitoring purposes.
However, further field and laboratory studies using various sublethal stresses and animal
species are still necessary to validate FA on phenotypes as an early warning morphometric
biomarker. In that respect there is a need to compare FA sensitivity with other commonly used
biochemical, physiological or histological biomarkers which are commonly used by
environmental sciendsts for detecting xenobiotic chemicals in ecosystems (see Huggett et al.,
1992; Fossi and Leonzi, 1994 for reviews). To date, a single study made such a comparison
between FA measures and biomarker data. Sanchez-Galan et al. (1998) measured micronuclei
number in kidney erythrocytes (an index of cytogenic damage) and FA in wild populations of
brown trout {Salmo tt'uttd) living under polluted environments. Brown trouts from highly
polluted rivers showed signitlcandy higher micronuclei numbers and FA values than brown
trouts from less polluted rivers.
Among biochemical markers, fish hepadc ethoxyresorufm-0-deethylase (EROD), a
cytochrome P450 1A monooxygenase, has ceitainly been the most often used biochemical
marker to detect certain organic pollutants in marine and continental aquatic ecosystems (e.g.
Payne, 1976; Vindimian and Gan-ic, 1989; Fenet et al., 1996; Ai-inc and Sen, 1999). Many
studies in field and laboratory conditions have demonstrated an increase in EROD activides in
fish from areas contaminated with polychlorinated biphenyls (PCBs), polyaromatic
hydrocarbons (PAHs), polychlonnated dibenzo-p-dioxins (PCDDs), or polychlorinated
dibenzofurans (PCDFs) (see Stegeman and Hahn, 1994 for a review).
The aim of the present study was to assess the relationship between FA and EROD activities
in fishes exposed to a chemical pollutant, in order to validate FA measurements as
complementary morphometric biomarkers for biomonitoring the quality of freshwater
ecosystems. This was earned out by measuring FA and hepatic EROD activity in three-spined
sdcklebacks (Gasterosteiis aculeatiis) exposed to the biocide pentachlorophenol (PCP) in an
outdoor mesocosm. Moreover, body condition, hepatosomatic index, spleen-somatic index and
gonadosomatic index were calculated to assess fish condition and reproductive status. Mass of
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the spleen provides a general overview of the adequacy of the structural parts of the immune
system (Weeks et al., 1992). Mesocosms attempt to mimic natural conditions and are logistically
and experimentally manageable (see SETAC, 1992 for a review). PCP was chosen as a
reference compound because its chemistry, toxicology and fate in the environment have been
widely studied (WHO, 1987) and it has been used as a reference compound by various groups
concerned with the standardization of laboratory methods in aquatic toxicology (Davis and
Hoos, 1975; Ademaand Vink, 1981). G. aculeatiis was chosen as test fish because of its well
known biology and natural history (Wooton, 1976; Coad, 1981; Alien and Wooton, 1982; BeU
and Foster, 1994). Three-spined sticklebacks are widely present in shallow sea water,
freshwater, and in estuaries through temperate and subarctic areas of the northern hemisphere.
The species is also easy to catch and to acclimadze to semi natural field and laboratory
conditions. As a predator, it can accumulate and magnify high quanddes of contaminants. It is
able to reproduce after one year and reproduce well in mesocosms. They already have been used
to test the toxicity of chemicals and waste waters (Van den Dikkenberg et al., 1989;
Environnement Canada, 1990; Holm et aL,1994).
2. Materials and methods
2.1. Mesocosnis design
This study was conducted at the Institut National de 1'Environnement Industriel et des
Risques (INERIS, Vemeuil-en-Halatte, France). The station has 12 outdoor experimental
channels, each 20 meters long x 1 m wide x 1 m deep (see Fig. 1). Each channel consists of two
parts: the upstream zone (10 m long and 30 cm deep), and the downstream zone (10 m long and
70 cm deep). A pool in the upstream portion of the channel allows the mixing of contaminants
with water. Ground water from a borehole is continuously flowing in this system. The flow in
each channel is about 1 m3 h-l which corresponds to the following speeds: 0.1 cm s in the
upstream part and 0.05 cm s in the downstream part. The residence time of a chemical in the
channels is about 8 hours.
In the downstream zone of the channels, a 10 cm deep sediment layer is made of 2 parts of a
mixture of clay and 2 mm-diameter sand, and 1 part natural sediments. In the upstream part, a
very thin layer (a few millimeters) of natural sediment was introduced and 20 cm-diameter grey
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Fig. 1. Overview of the 12 outdoor artificial streams.
2.2. Biocenosis
The vegetation in each channel is composed of Iris pseudacorus and Spaganium sp. in the
deep part, and Callitriche sp. and Myosostis palustris in the upstream part. Free populations of
invertebrates were introduced in the channels. These are gamtimridae, asellidae, ephemeroptera,
diptera (with a majority of chironoimidae), ti'ichoptera, coleoptera and lymnaeidae.
In May 1998, five adult three-spined sticklebacks, two males and three females, were
introduced in each channel. All the fauna and flora introduced in the mesocosms was collected in
an unpolluted river located 20 km from the laboratory.
2.3. Mode of contamination
Two channels were continuously contaminated with pentachlorophenol (PCP) to an instream
concentration of 100 |ig L"1 (PCP-high), two other channels with 10 (lg L"1 of PCP (PCP-low).
Two control (C) and two solvent control (E) were also used. Concentrations in the channels
were controlled weekly. Stock solutions of 2 and 0.2 g L of PCP were prepared each week and
were used to contaminate the channels. Because of the low water solubility ofPCP (14 mg L at
20° C) (WHO, 1987), ethanol was used as a solvent to prepare the stock solutions. Ethanol
represents 50% of the stock solutions and its concentration in the channels was estimated at 25
mg L'1. Control and contaminated solutions were randomly assigned to the channels at the start
of experiment.
2.4. Physical and chemical water characteristics
In 1998, temperature, pH, dissolved oxygen, conduct! vity and turbidity were recorded every
15 min. at 20 cm depth using one line sensors protected from direct sun light. In the present
study, we present these data as complementary information.
2.5. Fish sampling
Between March 13 and April 6 1999, about one year after the introduction of sticklebacks, 20
sub-adult three-spined sticklebacks were randomly sampled in each channel with lish traps. We
did not find any sticklebacks in one of the PCP-high channels, and only 12 animals were
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captured in the second PCP-high channel. After being captured, individuals were immediately
sacrificed, weighed (g), measured (cm), and dissected for further study.
2.6. Fluctuating asymmetry
FA was estimated by counting the number of pectoral fin rays and weighing the fresh mass of
eyes. Both left and right pectoral fin rays were scored using a binocular dissecting microscope.
Both right and left eyes were weighted to 0.0001 g precision using a precision laboratory
balance. Asymmetiy was estimated as the signed difference between the right and left side (R -
L) for both characters (Palmer, 1994).
2.7. EROD assay
Liver EROD activities were determined immediately after dissection. Fresh livers were rinsed
in cold KC10.5 M, and were manually homogenized on ice with a Teflon™ Potter in 0.2 mL of
a 0.1 M phosphate buffer (pH = 7.8) containing 0.2 mM phenylmethylsulfonide fluoride
(PMSF). To ensure equal homogenization of all samples, liver homogenates were sonicaled on
ice for 3 to 10s. In preliminary experiments, we made sure that the sonicarion step did not
signiflcandy affect the EROD activity. The samples were centrifugated for 10 min. at 9000 g,
4°C, and the resulting supernatants (S9) were used for the assay.
EROD activity was assessed in a microplate format as described by Flammarion and Game
(1997). Briefly, 10 4! of S9 were mixed in 200nl of phosphate buffer containing 0.2 mM
PMSF and 2 (J.M 7-ethoxyresorufin in a black 96-wells microplate and the reacdon was started
by adding 10 [ll of NAPDPH (final concentration of 250 (lM). Kinetics of resorufin formation
(wavelengths excitation/emission: 530 nm/585 nm) was measured with a muldwell fluorimeter
(Victor, Wallac ) using a resorufm standard from Sigma. The assay was conducted at room
temperature.
Total protein content in S9 was determined by the method of Bradford (1976) adapted on an
automated Cobas Fara (Roche, France). Bovine serum albumin was used as standard.
2.8. Physiological indices
The body condition factor (CF) was first calculated from the total weight and length
according to the formula: 100 x (weight/length ). However, the condition factor was still
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significantly correlated to length (r2 = 0.26; F^^ = 57.330, P = 0.0001). Therefore, to obtain
an index of condition factor orthogonal to length, we had to estimate the condition factors as the
residuals in the regression between the body weight (log 10 transformed) as an independent
variable and the length (log 10 transformed) as a dependent variable. This regression was highly
significant (^ = 0.967, Fy^ = 4861.366, P = 0.0001). For a given length, individuals with
negative residuals are in poorer conditions, and individuals with positive residuals are in better
conditions than the mean population condition.
Liver, spleen, and gonads were removed and weighed. Hepatosomatic index (HSI), spleen
somatic index (SSI), and gonadosomatic index (GSI) were calculated for each organ as the ratio
between the organ weight and total body weight.
2.9. Statistical analyses
Three kinds of asymmetry exist: directional asymmetiy (DA), andsymmetry (AS), and
fluctuating asymmetry (FA) (Van Valen, 1962). Because DA and AS may have a genetic basis,
it is important to test the presence of both types of asymmetry before analyzing FA (Palmer,
1994). Fluctuating asymmetiy is characterized by a normal distribution with a mean not
significandy different from zero (Van Valen, 1962). We therefore tested the normality of FA for
eye mass in each channel to check for a significant deviance of the means from zero. Fin ray
numbers did not vary between body sides for each fish and among fish, and therefore have not
been used (see below). Shapiro-Wilk tests indicated that FA data sets were normally distributed
in all the cases (P > 0.05), and none of the mean values of FA were significandy different from
zero (Student's t test; P > 0.1). An association between trait size and the degree of asymmetry
can distort conclusions concerning analyses of asymmetry (Palmer and Strobeck, 1986). In
order to detect size dependence in eye mass, absolute difference IR - LI was regressed against the
length of individuals. FA indices were not related with length of individuals in each channel (r <
0.34 in all the cases, P > 0.1).
Data were transformed for normality before analyses. Both hepatosomadc index (HSI),
spleen somadc index (SSI), which are proportions, were arcsine transfonned, and EROD was
log transformed (Sokal and Rohlf, 1997). We investigated the effect of treatment on the different
parameters using mixed-model nested ANOVAs (Sokal and Rohlf, 1997). In these analyses,
treatment was considered as a fixed effect, and channels (nested within treatment), as a random
effect. This allows to invesdgate if some part of the total variance is due to variance among
channels, and specific differences among channels per se is of no concern in that case. When
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channels had no significant effects on the expression of the index, we performed a one-way
ANOVA with treatment as a fixed effect (Sokal and Rohlf, 1997). We then performed Scheffe's
post-hoc tests to compare differences among treatments.
.. Many studies have shown that EROD activity in different fish species is related with age, sex
or reproductive status (e.g. Goks0yr and Forlin, 1992; Sleiderink et al., 1995; Flammarion and
Game, 1999; Kirby et al., 1999; Lundstrom et al., 1999). We thus perfoimed a multiple
stepwise backward regression between EROD and both length (a rough indicator of age in
stickleback), sex, GSI (an index of sexual maturity), and channels (categorical variable). We
also performed a muldple stepwise backward regression of FA in function of length, sex and
sexual maturity. We finally compared the different indices (i.e. FA, EROD, HSI and SSI) with
pardal correlations.
Mbced-model ANOVAs were performed using JUMP (SAS Institute Inc., 1989), and other
tests were performed using Statview 4.02 (Abacus Concepts Inc., 1992).
3. Results
3.1 Water characteristics
Water temperature (Fig. 2), conductivity and turbidity had similar fluctuation patterns in all
channels. The increase in pH (Fig. 3) in the control channels is probably due to an important
filamenteous algae development. Dissolved oxygen concentration differed among channels (Fig.
4). In the 100 |Llg L'1 PCP contaminated channels, dissolved oxygen concentration decreased
because of macrophytes and algae death due to the PCP inhibition action on plants
photosynthedc activity (Senger and Riihl, 1980; Tissut et al., 1987). In these channels, oxygen
production was reduced, its consumption increased.
3.2. Effect of the treatment on fluctuating asyinmetty
Ten pectoral fin rays were found on the right and the left side of each fish in all channels. Few
exceptions existed: one control fish had 11 rays at the right side (R) and 10 rays at the left (L),
one solvent fish (R = 12; L = 10), one PCP-low fish (R = 11; L = 10), and one PCP-high fish
(R =8; L = 10) had also such differences. The number of pectoral finrays, therefore, did not
seem to differ among treatments and arc not stadstically meaningful.
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There was no significant effect within treatment (channels) in eye mass CTable 1 and Fig. 5A).
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Fig. 3. pH variations in channels.
In PCP high channels, fishes were less symmetric than fishes in control channels (Scheffe: P =
0.034), and PCP-low channels (P = 0.046). Moreover, fishes from PCP-high channels tended
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to be less symmetric than fishes from solvent-control channels (p = 0.08). All other differences
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Fig. 4. Dissolved oxygen concentration in channels.
3.3. Effect of the treatment on EROD
EROD significantly differed in treated animals (Table 1 and Fig. 5B). EROD was not
sigmficandy different between fishes caught in PCP-high and PCP-low channels (P = 0.52),
but was higher in PCP-high animals compared to control (P = 0.0007) and solvent-control
fishes (P = 0.0001). EROD also was also significantly higher in PCP-low animals compared to
control (P = 0.0002) and solvent-control animals (P = 0.0001). EROD was significandy lower
in solvent-control reared fishes compared to control animals (P = 0.011).
3.4. Effect of the treatment on body condition
Mean body condition of sticklebacks varied significandy within treatments, but did not differ
significantly between treatments (Table 1 and Fig. 5C).
3.5. Effect of the treatment on hepatosomatic index
HSI differed significantly among treatments but not within each treatment (Table 1 and Fig. 5D).
HSI did not vary significandy between solvent-reared fishes and PCP-low animals. HSI data



























































C S PCPlow PCPhigh
Fig. 5. Ructuatmg asymmetry (A), hepadc EROD activides (B), condition factor (C),
hepatosomatic index (D) and spleen-somatic index (E) in the control, and exposed populations
ofthree-spined stickelbacks. C = control, S = solvent control, PCPlow = 10 (ig PCP L , and
PCPhigh= 100 (ig PCP L'1. Values ane mean ± SD. Histograms with different letters differ
significantly. Sample sizes are indicated on bars in graphic A. See text for details.
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treatments. The highest HSI value was observed in a PCP-high-reared fish and the lowest, in
control-reared fish (Fig. 5D).
3.6. Effect of the treatment on spleen somatic index
SSI data differed significantly between treatments but not within treatments (Table 1 and Fig.
5E). SSI data were significandy higher in individuals of the PCP-low compared to control and
solvent-control reared individuals (Scheffe: P = 0.0001). The indices also tended to be higher
than those related to PCP-high individuals (P = 0.08). Control animals had significantly lower
SSI values than solvent-control reared individuals (P = 0.048).
Table 1
Nested ANOVAs and one-way ANOVAs (only level with * were considered) for FA measured































































df = Degree of freedom, MS = Mean square, FA = Huctuating asymmetry, C^
factor, HSI = Hepatosomatic index, SSI = Spleen somatic index.
= condition
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3.7. Relationships between body length, sex and reproductive status, and biomarkers (EROD
and FA)
Muldple stepwise backward regression of EROD on length, sex, reproductive status and
treatment types was significant (general model: R": = 0.45; Fg ,47 = 14.911, P = 0.0001). GSI
was rejected from the final model (F, ,45 = 0.126, P = 0.72). Body length was positively
correlated with EROD (b = 0.09 ± 0.06, F, ^ = 5.825, P = 0.017). Males had higher EROD
levels than females (b = 0.12 ± 0.05, P^^ = 5.635, P = 0.02). As previously shown, treatment
was significantly related with EROD (Fg ,47 = 18.026, P = 0.0001).
All variables except treatment types were rejected from the regression model of FA (length:
F, 139 = 0.032, P = 0.86; GSI: ¥,^ = 0.763, P = 0.38; sex: P,^ = 0.352, P = 0.55).
3.8. Correlation between FA, EROD, HSI, andSSl
HSI was positively and significantly correlated with both EROD and FA. FA and EROD activity
were not correlated (Table 2).
Table 2
Partial correlations between indices in the stickleback treated with PCP in mesocosms. All the
individuals from Control, Solvent controls, PCP-low, and PCP-high were included in the










* significant at 5%; ^significant at 1%.
FA = Fluctuating asymmetry, HSI = Hepatosomatic index, SSI = Spleen-somadc index
4. Discussion
4.1. Fluctuating asyminetty
Low (10 ng L'1) and high (100 ng L ) concentrations of PCP did not affect the symmetry of
pelvic fin rays. On the other hand, high concentrations of PCP increased FA in eye mass (Fig.
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5A). This study is the first to report FA data on eye mass. These results suggest that a particular
stress can affect the development of a specific organ or set of organs, but not necessarily the
whole organism (e.g. Campbell and Emlen, 1996; Roy and Stanton, 1999). For example, Roy
and Stanton (1999) have shown that the type of organ affected depends on the physiological
stress in wild mustard, Sinapis wvensis (Brassicaceae). Petal asymmetry was higher in the high
salt treatment, whereas fruit asymmetry was higher in the low light treatment. Therefore, FA
measurements from different characters arc needed to detect environmental stresses (Leary and
Allendorf, 1989; Palmer and Strobeck, 1992).
Our results indicate that FA of eye mass is robust enough to differendate sticklebacks living
in 100 ng L'1 of PCP. This result is consistent with many studies that have shown increasing
levels of fluctuating asymmetry as a result of environmental disruptions in aquatic or terrestrial
invertebrate and vertebrate populations (e.g. Valendne and Soule, 1973; Strong and James,
1993; Pankakoski et al., 1992; Zakharov el aL, 1997; Groenendijk et al., 1998; Drover et al.,
1999; Imasheva et al., 1999; Lens et al., 1999). However, FA did not allow to detect any effect
in fishes living in PCP-low channels compared to control and solvent-control populations. FA
of eye mass was therefore not efficient to detect low concentrations of PCP in freshwater
ecosystems after one year of chronic contamination. Alternatively, 10 (ig PCP L in water may
not be sufficiendy stressful during embryonic development of eyes to cause increased
asymmetry in fishes. Another explanation is that individual sticklebacks with higher
developmental instability may be more sensitive to low PCP concentrations than symmetric ones
and therefore had a higher chance to die before the end of the experiment. This could have lead
to the under-representadon of asymmetric individuals at low PCP concentrations. Selection often
acts against individuals with developmentally unstable phenotypes (M0ller, 1998; M0ller and
Swaddle, 1997), symmetric phenotypes generally having higher survival than asymmetric ones
(review in M0ller, 1997). At high PCP concentration, individuals were less able to cope with
stress, whatever their intrinsic (or genetic) ability to maintain a stable development. Likewise,
FA values measured at high PCP concentrations likely underestimate the real effect of PCP.
High asymmetry is generally associated with a decrease in fitness components (i.e. growth,
fecundity, mating success, and survival) in a wide variety of animals and plants (M0ller, 1997;
M0ller and Swaddle, 1997). In the present study, the fitness components of sticklebacks for
each treatment (control, solvent-control, PCP-low and PCP-high) have not been measured, but
the lower number of fishes present at high PCP concentrations (e.g. no fish in one PCP-high
channel and 12 in the other) compared to others treatments (about 70 fishes per channel)
suggests that the high PCP concentrations affect both fecundity and/or survival.
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PA is a general stress response that does not identify neither the specific stressor nor its
mechanism of action (Tracy et al., 1995). FA is a nonspecific biomarker of effect. In the present
study, FA values reflect the direct PCP toxicity on fishes, but also the indirect adverse impact of
PCP on habitat of fishes because PCP, as a result of its biocidal properties, affects also large
aquatic species at relatively low concentrations and consequently the physico-chemical
parameters of water such as the increase of dissolved oxygen (review in WHO, 1987).
Our results have shown that FA of eye mass was not modulated by length, sex or
reproductive status. FA in sticklebacks is a consequence of environmental quality experienced
by fishes during their developmental time. FA of eye mass provides a reliable environmental
biomarker.
4.2. EROD
Our study shows that sdcklebacks living in both PCP-low and PCP-high channels had a
higher EROD activity than control-reared sticklebacks while sdcklebacks in channels with
solvent (ethanol) had the lowest EROD values. Bebets el al. (1980) have shown an increase in
EROD and glucuronyl transferase activity in female rats fed during 5 weeks on a diet with 99 %
pure PCP. Our results show once more that EROD is a useful biochemical biomarker for in situ
monitoring of pollutant effects in freshwater ecosystems. However, the EROD values did not
allowed to differentiate between the PCP-low and PCP-high effects. An inhibition phenomenon
may occur at high concentrations and had been recorded in the past in fish caught at highly
polluted sites (Vindimian et al., 1991). Moreover, the presence of ethanol in the environment is
likely to inhibit EROD activity on the long term. Consequently, EROD values in PCP-low and
PCP-high fishes may be under-estimated. A high variation in EROD activity among channels
suggests that other factors are at work which may limit the EROD potential as a biomarker in
field research. Part of the within-channel variation in EROD may be caused by the relationship
between the length of fishes, their sex, or reproductive status (= GSI) (this study; Andersson
and Forlin, 1992). The female hormone oestradiol-17b is known to depress monooxygenases
activities (0'Hare et aL, 1995).
4.3. Condition factor
One commonly used index of fish health is the condition factor (CF) (Everhart and Youngs,
1981). A decline in CF is usually associated with a depletion of energy reserves such as stored
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liver glycogen or body fat, and may reflect a change in feeding patterns or an increase in
metabolic rate (Dennis and Bulger, 1995). Our results suggested that body condition was not
affected by PCP. As far as we know, no other study has tested PCP on the condition factor of
this fish species.
4.4. Hepatosomatic index
Sticklebacks in PCP-low and PCP-high channels had significantly higher HSI than those in
control channels. These results indicate the possible deterioration of hepadc cells in sticklebacks
exposed to PCP (Sloofet al., 1983), and are consistent with previous observations reported by
previous studies (see WHO, 1987 for review). Exposure to purified PCP or technical
formulations of PCP increases the mass of liver of several species (e.g. Jekat et aL, 1994;
Umemura et al, 1996; Blakley et al., 1998). HSI thus seems to be a useful indicator of
exposure to PCP. Moreover, sticklebacks from channels with solvent (25 mg L of ethanol)
showed higher HSI than those from control channels. This result together with those on EROD
(see above) indicate that, even low concentrations ofethanol in the water should have long-term
biological effects on G. aculeatiis. This raises the question of the apparent neutrality of auxiliary
agents, like ethanol, that arc commonly used in ecotoxicological tests to measure the effects of
the substance above the solubility limit or even to prepare the test solutions of the product to be
tested. Further studies are needed to assess long-term effects ofethanol on aquatic ecosystems.
4.5. Spleen-somatic index
PCP at low concentration and its solvent used in channels increased SSI of fishes compared
to PCP-high and control-reared fishes. This suggests that low PCP concentrations and ethanol
enhance the immune activity. The response of the immune system is often used to assess the
toxic effects of chemicals (see Weeks et al., 1992 for review). The spleen is supplied by
splanchnic (autonomic) innervation which stimulates its contractions during stress, such as
hypoxia (Fange and Mattisson, 1985).
4.6. Correlation between FA, EROD, HSI, andSSl
An important issue of this research was to assess the relationship between FA, EROD
activities, HSI and SSI in fishes. HSI was positively and significantly correlated with both
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EROD and FA. HSI is generally considered a good indicator of health (Huggett et al., 1992),
and therefore FA and EROD activity may be reliable tools to assess health status at the
population level.
FA and EROD activity were not correlated, but both biomarkers give complementary
informations of health status of individuals and populations. FA indicates stress conditions
during the embryonic development (Parsons, 1992), and EROD values present data on recent
stresses (see Stegeman et al., 1992 for review). EROD tests are useful to biomonitor recent
events related to chemical pollution whereas the FA tests are helpful to biomonitor old or/and
sporadic events of pollution. Moreover EROD belongs to yhe phase I Cytochrome P450 1A1
dependent activities which are well known to be mainly induced by planar aromadc
hydrocarbons such as PCBs, PAHs, dioxins and furans. It had been shown to be the most
potent biomarker in field situations where persistent chlorinated pollutants were present (Van der
Oost et al., 1997). However, its significance at the population level remains unclear. Thus,
EROD may be considered as a good biomarker of exposure to bioavailable persistent pollutants.
On the other hand, FA cannot be linked to a specific type of pollution or even stress but is
known to be relevant of embryogenic effects. FA is a biomai'ker of effects and should be
included in multibiomarkers studies in order to add to the information on exposure to toxicanls a
useful information on effects. However, more research is still needed to assess the sensitivity of
FA to chronic pollution and its correlation to other biomarkers.
5. Conclusion
This study highlights several new aspects of biomonitoring environmental health. First, it
shows the usefulness of FA measurements in organisms to detect the impact of pollutants in
water ecosystems. FA measurements in fish is an easy, rapid and inexpensive way to assess
environmental quality in both laboratory and field conditions. Further studies are needed to
assess the reliability ofFA on eye mass or other biometric characters in several stress conditions
and for other fish species. FA measurements based on a higher number of traits, coupled with
other biomarkers such as EROD, HSI or SSI, may allow to detect the effect of pollutants at
different sublethal concentrations. Finally, this study shows the usefulness of mesocosms in
ecotoxicological research. They allow to go a step further in the impact assessment of pollutants
in semi-natural conditions. They should also detect subtle long-term effects of solvents
providing such biomarkers are recorded within mesocosms studies.
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DISCUSSION GENERALE
Un an apres 1'^pandage de boues d'epuration, une premiere serie d'experiences a montre que les
teneurs en cadmium (Cd), plomb (Pb) et mercure (Hg) mesurees dans les feuilles des arbres et
dans les micromammiferes, peuvent etne considerees comme non toxiques. Par ailleurs, des la
premiere annee, les boues ont ameliore la croissance en hauteur des chenes blancs {Querciis
alba). Une deuxi^me serie d'experiences a demontre que Fepandage des boues n'augmentail pas
la charge en helminthes dans la cavite generale et Ie tube digestif des campagnols des champs et
des grandes musaraignes.
Ces premiers resultats - a court temie - suggerent que 1'applicadon de boues, respectant la
reglementation etablie par Ie gouvemement du Quebec (Canada), permet de garandr une ceilaine
qualite de 1'environnement, tout en favorisant la croissance de ceitaines especes d'arbres.
Cependant, pamii tous les contaminants presents dans les boues (metaux traces, molecules
organiques de synthese, organismes pathogenes), seule une infime pailie a ete etudiee. Le suivi
de tous les contaminants exigerait des moyens financiers considerables et femit appel a de
nombreux experts (parasitologues, toxicologues, ecotoxicologues, chimistes, etc.). Ce type
cT elude demanderait ^nonnement de temps. De plus, il est tres difficile - voire impossible -
d'identifier et de detecter tous les contaminants dans un ecosyst^me. Par exemple, dans ce travail
de th^se, un oeuf de parasite n'a pas pu etre identifie malgrc la collaboration de plusieurs
specialistes (voir Chapitre 2 : publi. 3).
Par ailleurs, les organismes vivants sont exposes simultanement a plusieurs contaminants. Des
effets antagonistes et synergiques peuvent exister entre les contaminants au sein d'un organisme.
Certains effets synergiques ou antagonistes sont connus. Par exemple, il a ete montre que des
rats recevant un regime contenant 50 mg kg'! de Cd et 200 mg kg de Pb, accumulent moins de
Pb dans les reins et ont mains d'inclusions intranucleaires que les rats qui re^oivent uniquement
du Pb a dose equivalente (Mahaffey et al., 1981). L'explicadon de cet effet modemteur reside
dans Finduction hepatique et renale de metallothioneines par Ie Cd qui reduit la biodisponibilite
des ions Pb2+. A 1'oppose, il a ^te monU-e des effets synergiques enti'e Ie Pb et Ie Hg.
L'exposition simultanee au Pb et au Hg (sous forme inorganique ou methylee) conduit a une
exacerbation de la n^phrotoxicite (Mahaffey et al., 1981; Schuberl et al., 1978). Pour de
nombreuses combinaisons de contaminants (e.g. parasites, metaux lourds, molecules
organiques de synthese), il est impossible de predire et de quantifier les effets sur la sante des
organismes. U est necessaire de disposer de methodes qui pennettent d'evaluer simultanement
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les effets biologiques directs (toxicit^) et indirects (e.g. modification de 1'habitat) de plusieurs
contaminants. Par ailleurs, les effets des activites anthropogeniques sur la qualite de
1'environnement sont souvent difficiles a evaluer. Par exemple, dans Ie cas des epandages de
boues en milieu forestier, les boues onl plusieurs impacts sur 1'ecosysteme forestier. Les boues
apportent des contaminants dans Ie milieu mais ameliorent egalement la quantite et la qualile
nutritive de la vegetation (e.g. Chapitre 1). Quels sont les effets simultanes de ces impacts
diametralement opposes sur la sante des populations ? Comment les mesurer ?
Pour resoudre ces difficultes, 1'asymetrie fluctuante des organismes a ete utilisee comme outil
pour ^valuer la qualite de 1'environnement (Chapitre 3 : publi. 2 et 3). Les valeurs d'asymelrie
fluctuante d'un organisme sont Ie retlet de la qualile de I'environnemenl pendant I'onlogenesc de
cet organisme. Par ailleurs, une asymetde elevee a ele associee a des reductions de la valcur
adaptative de plusieurs animaux et plantes (M0ller, 1997; M0ller et Swaddle, 1997; Clarke,
1998). II a done ete possible d'evaluer 1'impact global des boues d'epuration sur la sanle dos
populations, a partir de Fasymetrie fluctuante. Des mesures d'asymetde on t ete realisees sur
deux especes animales ten-estres : Ie campagnol des champs (Microtus pennsylvanicus) el un
carabe {Pterostichus melanarius). Les resultals de ces deux eludes suggerent que les boues n'oni
paseu d'impactbiologiquenegatifsurlaqualitedel'environnement (Chapitre 3 : publi. 2 el 3).
Cette conclusion est en accord avec les resullats obtenus dans Ie chapitre 2.
Par rapport au campagnol, les insectes offrent de nombreux avantages. Us sont abondanls, leur
capture necessite des moyens tres simples, et les mesures d'asymetrie tlucluante peuvenl ciiv,
reaUsees ti-^s rapidement. Ces atmbuts font des insectes des bio-indicaleurs pertinents (pour une
revue voir Clarke, 1993).
Traditionnellement, 1'instabilit^ du developpement est mesuree a partir d'especes animales, mais
de recents u'avaux ont demontre que 1'instabilite du developpement des vegetaux pou vail eti-e
egalement un excellent indicateur de stress environnementaux (Freeman et al., 1993; Tmcy et
al., 1995; Midgley et al., 1998; M0ller, 1998; Siikamaki et Lammi, 1998; Roy et Stanton,
1999). Les vegetaux offrent de nombreux avantages : ils sont souvenl abondants et faciles a
echantillonner. De plus, pour la plupart des vegetaux fixes a un support, 1'instabilile du
developpement reflete reellement les conditions environnementales de leur lieu de croissance. U
serait interessant de mesurer 1'asymetiie fluctuante a partir d'especes vegetales et de comparer les
resultats avec ceux obtenus sur des esp^ces animales. Des resultats similaires entre ces deux
regnes signifieraient que la qualite de 1'environnement poun'ait eti'e evaluee seulement a partir
d'especes vegetales. D'un point de vue ethique, une lelle approche serait preferable.
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Pour valider Finstabilite du developpement comme biomarqueur morphometrique, il est
necessaire de comparer la sensibilite de 1'instabilite du developpement des organismes avec
d'autres biomarqueurs (biochimique, physiologique ou histologique). Le demier travail de
recherche presente dans cette these avail pour objectif de contribuer a cette validation (Chapitre 4
: publi. 1). Le but de cette etude etait d'evaluer la relation entre 1'asymeti-ie fluctuante et 1'activite
EROD des epinoches {Gasterosteus aculeatiis) exposees a un polluant chimique : Ie
pentachloroph^nol. Les resultats suggerent que les mesures d'asymetrie sur des poissons sont
faciles, rapides et peu couteuses. Actuellement, seule une autre etude a ten t^ d'^valuer la relation
entre Fasym^trie fluctuante et un autne biomarqueur (micro-noyaux) suite a une contaminadon
chimique d'un ecosysteme (Sanchez-Galan et al., 1998). Des travaux supplementaires devront
etre effectues pour confiiTner ces resultats.
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CONCLUSION
Le travail present^ dans cette these a contribue a valider la peitinence du concept d'instabilite du
developpement comme outil de sui'veillance de la qualile de 1'environnement.
L impact des boues sur la qualite de F^cosysteme forestier a ete evalue a 1'aide de methodes
traditionnelles, ainsi qu'a 1'aide du concept d'instabilite du developpement des organismes. Les
resultats obtenus par les deux methodes concordent. L'asymetrie fluctuante semble done etre une
methode valable pour evaluer la qualite de 1'environnement.
L'application de boues d'epuration en milieu forestier, nespectant la reglementation quebecoise
en vigueur, ne semble pas avoir d'effet negadf a court teime sur la qualite de 1'ecosysteme.
Cependant, d'autres eludes a court et a long terme sont necessaires pour confinner la validite des
normes quebecoises concemant 1'epandage sylvicole des boues d'epuration municipales.
Le demier travail de recherche effectue dans cette th^se a peimis de demontrer que 1'asymetrie
fluctuante pouvait eti'e un biomarqueur moiphometnque pertinent qui poun'ait etre integi^ dans
les programmes de surveillance de la quality des ecosystemes.
Nos resultats, ainsi que les r^sultats d'autres travaux, laissent penser que 1'instabilite du
developpement represente un indicateur du stress environnemental peu couteux, sensible et facile
a mettre en oeuvre. Par consequent, cet indicateur poun'ait eti'e udlise comme signal d'alarme
pnecoce ou bien comme oudl de controle regulier des impacts anthropogeniques sur les especes
animales ou v^getales.
Dans les pays en voie de developpement, les methodes tradidonnelles pour detecter les
pollutions, telles que Ie dosage chimique et Futilisation de biomarqueurs biochimiques sont
irrealisables faute de moyens financiers et techniques. Une altemadve possible a ces methodes
repose sur I'utilisation du concept de stabilite du developpement pour evaluer la qualite de
1'environnement.
L'instabilite du developpement resulte d'une perturbation de 1'homeostasie fondamenlale et il est
done raisonnable de penser que celle-ci est inversement proportionnelle a la valeur adaptative, ou
a des caracteristiques importantes impliquees dans Ie bien-etre d'un organisme (la capacite a se
reproduire, la longevite, etc.). Plusieurs travaux vont dans ce sens (Sommers, 1996; M0ller,
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1997). Cependant, d'autres etudes doivent etre entreprises pour confirmer ces resultats avec
plusieurs types de stress environnementaux et diverses especes.
La stabilite du d^veloppement des individus serait done un outil sensible in situ de la valeur
adaptative d'une population. Cependant, la stability du developpement est un oudl non
spdcifique. C'est-a-dire que des tests plus specifiques peuvent etre necessaires (1) pour
determiner exactement 1'agent i-esponsable de 1'instabilite ou (2) pour determine!' si
1 augmentation de la stabilite du developpemenl est causee par une exposition moindre, ou par
une adaptation. Ce demier point doit encore etre etudie.
Seules de recentes experiences laissent penser qu'une correlation enlre la stabilite du
developpement et la valeur adaptadve peiTnetlrail aux ecotoxicologues de dispose!" d'un oudl
pour evaluer 1'etat d'une population a pai'tir des seuls individus de cette population. II est
cependant necessaire d'entreprendre des eludes supplementaires pour s'assurer de la neelle
valeur de ce biomarqueur.
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GLOSSAIRE
Remarque : Toutes les definitions ci-apres s'appliquent aux termes udlises dans la presente
these; il se pourrait qu'elles ne soient pas adaptees a d'auti'es contextes. Les teiTnes anglais
sont presentes enti'e parenthese.
A
Absorption (absorption) : ensemble des phenomenes accompagnant la penetration des
substances venant de l'ext6rieur a 1'inteneur d'un organisme vivant.
Adsorption (adsorption) : fixation, a la surface des substances solides (ex. 1'argile,
particules d'humus, etc.) d'ions ou de composes dissous (Environnement Canada, 1985).
Aerosol (aerosol) : suspension de particules liquides ultra-microscopiques dans un gaz; la
taUle des particules vai'ie de 0,01 a 50 micrometres (Environnement Canada, 1985).
Amendement organique (organic improvement) : mad^res fertilisantes composecs
principalement de combinaisons carbonees d'ongine veg^tale, fennentees ou putrescibles,
desdnees a 1'entreden ou a la reconstitudon du stock de la madere organique d'un sol (NF U
44-041).
Anthropique (anthropogenic): relatif a 1'homme, resultant des interventions humaines.
Antisymetrie (antisymmetry) : module de variadon bilaterale au sein d'un echanlillon
d'individus, ou stadstiquement il existe une difference significative entre les deux coles, mais





Fig. 1. Les trois distributions de D - G communement rencontrees chez les organismes
bUateraux : a) asymetrie fluctuante (AF), b) asymetrie direcdonnelle (AD), c) andsymeirie
(platykurtic ou bimodale). D = droit; G = gauche (d'apres Palmer, 1994).
Asymetrie absolue (absolute asymmetry) : valeur absolue de la difference entre les coles
droit (D) et gauche (G) chez un individu, ID - Gl (Palmer, 1994).
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Asymetrie directionnelle (AD) (directional asymmetry) : module de variation
bilaterale a 1'interieur d'un echantillon d'individus, ou une difference significative existe entre
les cotes, mais ou Ie cote Ie plus grand est generalement Ie meme (Fig. Ib) (Palmer, 1994).
Asymetrie droite ou gauche (skewed asymmetry) : modele de variadon bilaterale dans
un echantillon d'individus ou la distribution des frequences de la difference droit moins
gauche (D - G) s'dcarte significadvement de la normalite dans la direcdon droite ou gauche
(Palmer, 1994).
Asymetrie fluctuante (AF) (fluctuating asymmetry) : modele de la variation bilaterale
dans un echantillon d'individus ou la moyenne droite (D) moins gauche (G) est zero et ou la
variation est normalement distribuee autour de cette moyenne (Fig. la).
Asymetrie non directionnelle (non-directional asymmetry) : tenTie general qui
renvoie a toutes les vanations bilaterales exceptees 1'asymetrie direcdonnelle (i.e. asymetrie
fluctuante, antisymetde) (Palmer, 1994). (voir asymelrie fluctuante et antisymetrie).
B
Bio-indicateur (bioindicator) : terme synonyme d'indicateur biologique, designant une
espece animale ou vegetale qui est connue pour etre pai'ticulierement sensible ou toleraiite a la
pollution. Basee sur la connaissance du compoitement d'un organisme face a un type
particulier ou une intensite de pollution, la presence de cet organisme peut etne alors utilisee
comme outil pour indiquer les conditions de pollution (Cunningham et al., 1994).
Bio-surveillance (biomonitoring) : activite de recherche et/ou de controle dont 1'objel esl
de surveiller la qualite de 1'environnement. Les methodes utilisees pour y parvenir sont
reparties en deux categories distinctes :
• la detection des polluants et eventuellement leur quantification, dans les milieux
physiques et biologiques,
• 1'evaluation des effets des polludons sur les organismes vivants, soit au niveau de
des individus, soil au niveau des populadons et/ou des communautes.
C'est F association des deux differentes approches qui permet d'evaluer de fa^on precise 1'etat
des milieux et des organismes qui y vivent (Lagadic et al., 1998).
Bioaccumulation (bioaccumulation) : terme general designant un processus au cours
duquel les substances chimiques sont ingei^es et accumulees par les organismes, soil par
absorption directe de composes presents dans Ie milieu (air ou eau), soil par la consommation
d'aliments contenant ces composes (Pierce et al., 1998). La biaccumuladon decrit
F accumulation des contaminants dans les dssus des organismes.
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Bioamplification (biomagnification) : phenomene par lequel une substance naturelle ou
un contaminant present dans un biotope connait un accroissement de sa concentration au fur
et a mesure qu'il circule vers les maillons superieurs d'un reseau trophique (Rainade, 1998).
Bioconcentration (bioconcentration) : phenomene par lequel des etres vivants absorbent
des substances naturellement presentes dans leur biotope ou polluantes et les accumulent dans
leur organisme a des concentrations superieures a celles auxquelles elles se rencontrent dans
Ie milieu naturel. II diff^re en ce sens de la bioaccumulation dans laquelle Ie contaminant ou
autre substance absorbee sera 1'objet d'un simple transfert par 1'organisme considere,
conduisant au mieux a une concentration egale a celle a laquelle il se rencontre dans Ie biotope
conceme (Ramade, 1998). (voirbioaccumulation).
Biodisponible (bioavailable) : espece chimique (ion ou molecule electriquement neutre)
presente dans 1'environnement, qui peut eti'e transferee dans un organisme vivant ou alors
esp^ce min^rale (cation ou anion) qui peut etre absorb^e par un vegetal.
Bioessai (bioassay) : procedures effectuees en laboratoire dont 1'objectif est de detenniner a
Faide d experimentations sur divers types d'eti'es vivants les acdvites biocides et/ou les
particulantes toxicologiques de tel ou tel type de substance chimique. Les bioessais peu vent
etre divises en trois grandes categories : test de letalite, test subletaux et test de letalite a long
terme (Ramade, 1998). (voir tests de toxicite, tests a long terme, tests letaux, tests
subletaux).
Biomarqueurs (biomarkers) : changement observable et/ou mesurable au niveau
moleculaire, biochimique, cellulaire, physiologique, morphometrique, ou comportemental,
qui revele 1'exposidon presente ou passee d'un individu a au moins une substance chimique a
camct^re polluant.
Boue (sludge): matieres solides accumulees, apres leur separation, par des procedes naturels
ou artificiels, des divers types d'eau qui les condennent (ISO 6107-1/1986) (AFNOR, 1994).
Boue cTepuration (sewage sludge) : sediments residuaires des ouvrages de ti'aitement des
eaux usees urbaines (NF U 44-041).
Boue liquide (slurry): boue qui s'^coule sous 1'influence de la gravite (NF U 44-041).
Boue seche (dry sludge) : boue solide ayant une teneur minimale de 90% de madere seche
(NF U 44-041).
Boue solide (solid sludge): boue qui mise en las de 1 m de hauteur environ, foiTne un talus
naturel stable qui fait avec Ie sol un angle superieur a 45° (NF U 44-041).
Boue stabilisee (stabilized sludge) : boue d'epuration dont Ie pouvoir fermentescible a ete
reduit par un traitement appropri^ (NF U 44-041).
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Boue activee (actived sludge) : boue floculee ou en voie de floculadon produite par
aeration prolongee des eaux d'egout; par les micro-organismes qu'elle condent, ces boues
peuvent transformer les maderes organiques en materiaux stables (Environnement Canada,
1985).
Boue hygienisee (hygienized sludge) : boue ayant subit un traitement (compostage,
chaulage, lagunage, etc.) dans Ie but de diminuer leur teneur en micro-organismes pathogenes
(virus, bacteries, parasites...).
Bruit de fond (background level) : concentration d'une substance dans Fenvironnement
gui est presente naturellement (i.e. qui ne resulte pas de 1'acdvite humaine) (EPA, 1999).
Bruit du developpement (developmental noise) : voir instabilite du developpement.
c
Canalisation (canalization) : capacite d'une structure a developper, d'un bout a 1'autre, une
trajectoire du developpement ideale sous une vaiiete de conditions environnementales
differentes (Waddington, 1940). C'est un phenomene distinct de la stabilite du
developpement, qui fait reference a la meme capacite mais sous une condition
environnementale particuliere (Zakharov, 1992). Un cai'actere qui est tres canalise monti'em
peu de plasticite phenotypique en reponse a differents milieux de croissance, meme s'il peut
tout de meme montrer des niveaux nonnaux de bmit du developpement. (voir bruit du
developpement, plasticit6 phenotypique, stabilite su developpement).
Campagnol des champs (meadow vole) : Microtus pennsylvanicus. Taille : de 8 a 12 cm.
Poids : de 28 a 70 g. Espece vivant preferendellement dans les prairies. Le cainpagnol des
champs est actiflejour et la nuit. II constmit des nids a la surface du sol et sous la litiere du
sol. II se nourrit essendellement de v^getaux, de graines et d'ecorce. II peut egalement
consommer des invert^br^s. Son domaine vital est de 1'ordre de 0,04 - 0,4 ha et la densite de
population fluctue grandement dans un intei-valle de 2 ou 3 ans. La duree de gestation est de
21 jours. (Fig. 2).
••^-
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Fig. 2. Campagnol des champs {Microtus pennsylvanicus).
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Capacite cTechange cationique (CEC) (cation exchange capacity) : quantite totale de
cations echangeables que Ie sol peut adsorber (Environnement Canada, 1985).
Coagulation chimique (chemical coagulation) : procede qui consiste a ajouler un produit
chimique, appele « coagulant », destine a agreger, sous foiTne de flocs, des pai'ticules
colloi'dales en suspension dans 1'eau.
Compost (compost) : melange de dechets organiques plus ou moins decomposes obtenu par
compostage. Le compost est employe comme amendement et engrais (Parent, 1990). (voir
compostage).
Compostage (composting) : procede biologique qui consiste a provoquer la fermenlation de
dechets organiques divers afln d'obtenir un melange riche en minemux el malieres
organiques. Ie compost (Parent, 1990). (voir compost).
Concentration efficace 50% = CE 50% (medium efficace concentration) :
concentration d'un polluant provoquant 50% d'un effet autne que la mortalite (diminution de
la fertilite, de 1'activite...) au bout d'un temps donne d'exposition dans un echanlillon dc
population d'une espece donnee, sur une espece donnee.
Concentration letale 50% = CL 50 (median lethal concentration) : concentration
(Tune substance qui, dans un essai ecotoxicologique, est responsable de la mortalile de 50%
des organismes mis en jeu pendant une periode deteiTninee.
Concentration sans effet observe (No Observed Effect Concentration) (NOEC) :
concentration maximale pour laquelle aucun effet significadf n'a ete observe.
Contaminant (contaminant) : substance ^trang^re a un systeme naturel ou presente a des
concentrations anormalement elevees (Pierce et al., 1998).
Contamination et pollution (contamination and pollution) : deux expressions
couramment employees pour designer 1'accumulation anormale, generalemenl due a une
activite humaine, d'elements ou de composes minemux, organiques ou d agents pathogenes
dans un milieu donne dont la qualite se trouve affectee. Le teime contamination sera utilise
pour designer une augmentation des teneurs totales, suite ^ des apports anthropiques, sans
prejuger d'une evolution negative de la quality. En revanche, la pollution designe
F accumulation d'un compose en quantite telle qu'il peut induire un danger pour les




Developpement durable (sustainable development) : developpement qui garandt que
Futilisadon presente de ressources et de 1'environnement ne nuit pas aux perpectives de leur
utilisation par les generations futures (Pierce et al., 1998).
Dose de reference (Reference Dose) (RfD) : dose a laquelle un individu (incluant des
sujets hypersensibles) poun'ait etre expose sur une base quotidienne, durant toule sa vie, sans
que ne surviennent des effels deleteres ou nefastes a la sanle. Cette dose de reference est
derivee du NOAEL « No Obsei'ved Adverse Effect Level » a partir d'experiences animales
auxquelles on applique un facteur d'incertitude qui dent compte notammenl de la duree de
1'experience et des variadons intra et inler-especes. (voir No Observed Adverse Effect Level).
Dose letale 50% (medium lethal dose) (DL 50) : dose d'un toxique provoquant la mort
de 50 % dans une population d'une espece determinee apres un temps donne.
E
Eau residuaire (waste water) : eau nejetee apres son utilisadon dans un precede industriel,
ou apr^s sa production au cours de ce precede, el qui n'a aucune v aleur immediate en ce qui
conceme ce precede (ISO 6107-1/1986) (AFNOR, 1994). A present. Ie lerme d'eau
residuaire est egalement utilise pour designer les eaux usees d'origine municipale.
Eau usee urbaine (sewage) : eau provenant des rejets d'une collecdvite (ISO 6107-1/1986)
(AFNOR, 1994).
Ecosysteme (ecosystem) : systeme dans lequel il existe des echanges cycliques de matieres
et d'energie dus aux intemcdons entre les differents organismes presents et leur
environnement.
Ecotoxicologie (ecotoxicology) : discipline dont 1'objet est 1'etude des effets des polluants
sur les ecosystemes. L'ecotoxicologie consisle en I'analyse de la circulation des polluanls
entre les biotopes et les communautes vivantes et consiste a comprendre les consequences
ecologiques de 1'action des polluants sur la structure et Ie foncdonnement des systemes
^cologiques naturels (Ramade, 1998). (voir 6cosyst^me).
Effet letal (lethal effect) : qui entrame la mort de 1'organisme.
Effet subletal (sublethal effect) : effet susceptible de provoquer des perturbadons
physiologiques non letales chez un organisme.
Element trace (trace element): metal (Cd, Cu, Pb, Zn, etc.) ou metalloi'de (Se, As, B, etc.)
present a de tres faible concenti'adon dans les milieux naturels, en pailiculier dans les
sediments et les eaux (Ramade, 1998). Les elements traces ne peuvent pas etrc defmis tres
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precisement mais sont fnequemment retrouves dans 1'environnement a des concentrations de
1'ordre du partie par million (ppm) (Cunningham et al., 1994).
Engrais (fertilizer) : matures fertilisantes dont la fonction pnncipale est d'appoiter aux
plantes des elements directement utiles a leur nutrition (elements feililisants majeurs, elements
secondaires et oligo-dl^ments) (NF U 44-041).
Epinoche a trois epines (three spine stickleback) : Gasterosteus aculeatus. Taille : de 6
et 12 cm. Poids : de 3 a 10 g. Espece anadrome et d'eau douce commune, qui tolere les eaux
marines, estuariennes et douces et vit principalement dans les eaux peu profondes. Ses
habitats cotiers sont presque circumpolaires, mais elle prefere les zones temperees et
subarctiques de 1'hemisphere nord (Environnement Canada, 1990). La periode de
reproduction se situe entre les mois d'avril et dejuin (Fig. 3.).
."•:t
Fig. 3. Epinoche a trois epines (Gasterosteus aculeatus) (Environnement Canada, 1990).
EROD: voir EthoxyResomfine-0-Deethylase.
Espece bioaccumulatrice : espece presentant, de par leur mode de vie et/ou leurs
caracteristiques physiologiques et metaboliques, la capacite de bioaccumuler ceitains
contaminants directement a partir du milieu ambiant ou d'autres voies (noun'iture par
exemple) jusqiTa des niveaux nettement superieurs au niveau de contaminadon du milieu
physique (eau, sediments, atmosphere, etc.) (Lagadic et al., 1998).
Espece indicatrice (indicator species) : organisme qui peut servir a indiquer la presence
ou 1'absence d'un facteur particulier, comme les metaux lourds (Pierce et al., 1998).
Espece sentinelle : type pardculier d'organismes indicateurs. II s'agit de toute espece vivaiite
susceptible d'Sti'e utilise en tant qu'indicateur de la presence et de la toxicite d'au moins un
contaminant, et qui permet d'evaluer les effets potentiels de ce contaminant sur la sante
humaine et/ou celle de 1'environnement. Les especes sentinelles vivent sur Ie site a etudier,
soit qu'elles y soient presentes spontanement, soit qu'elles y soient introduites a dessein (e.g.
encagement). Ces especes presentent pour 1'essendel les memes interets que les especes
bioaccumulatrices. II est par aiUeurs necessaire de posseder une connaissance detaillee de leur
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physiologie, afin de pouvoir interpreter les variations des biomarqueurs mesures (Lagadic et
al., 1998). (voir organisme bio indicateur, espece bioaccumulatrice, biomarqueur).
Essai biologique (bioassay) : technique d'evaluation de 1'effet biologique qualitadf ou
quandtatif de differentes substances contenues dans un milieu (eau, air ou sol) par
1'observadon des modificadons d'une acdvit6 biologique defmie (ISO 6107-2/1989)
(AFNOR, 1994). (voir bioessai).
Essai de toxicite (toxicity test) : essai au cours duquel une substance est mise en contact a
une concentration donnee avec des organismes ddteiTnines dans Ie but cfevaluer les effets
toxiques de la substance sur eux (NoiTne T90-503) (AFNOR, 1994). Par exemple, un essai
de toxicit^ aquadque peiTnet gen^ralement de mesurer soit Ie nombre d'organismes affectes
par F exposition a des concentrations pailiculieres de produits chimiques, d'effluents, de
lixiviats..., soil 1'intensite des effets observes.
Essai de toxicite avec renouvellement continu (flow-through toxicity test) : essai
de toxicite avec renouvellement constant et continu de la solution d'essai (Nonne T90-503)
(AFNOR, 1994).
EthoxyResorufine-0-DeethyIase (ethoxyresorufin-0-deethylase) EROD : suite a
une contamination du milieu aquatique, les polluants peu vent penetrer a 1'interieur des
poissons et y etre distribues avant de s'accumuler dans des tissus et/ou exercer leur toxicite
sur des organes cibles. Cependant, des systemes biochimiques peuvent transfoiTner ces
polluants en produits qui poun'ont eti'e elimines plus facilement dans 1'urine et la bile. Lors de
la premiere phase de biotransformadon des xenobiotiques, les enzymes monooxygenases a
cytochrome P 450 (EROD) interviennent en augmentant la solubilite des xenobiotiques afln
qu'ils puissent etre excretes. L'inducdon de cytochrome P 450 designe la synthese de novo
de nouvelles proteines P 450 par Forganisme, entrainant une activite enzymatique accrue.
L'activite enzymadque EROD peimet de quandfier 1'induction du cytochrome P 450 1A
(Flammarion, 1997).
Evaluation de Fimpact (impact assessment) : identification des problemes
environnementaux spdcifiques a un projet et la prise en compte de ces quesdons dans la
planification du projet.
Evaluation des risques (risk assessment) : m6thode d'estimation de 1'importance et de la
probability des effets deleteres des substances anthropiques sur 1'environnement (Volmer et
al., 1988).
161
Fertilite du sol (soil fertility) : reponse a la facilite avec laquelle la racine peut, en
quantites suffisantes, beneficier dans ce sol des differents facteurs de la croissance vegetale :
chaleur, eau, ensemble des differents elements chimiques necessaires a la plante, substances
organiques de croissance.
Floculation (flocculation) : formation de grosses particules, par agglomdration de petites
particules ; Ie mode de formation est generalement accelere grace a des moyens mecaniques,
physiques, chimiques ou biologiques.
H-L
Homeostasie (homeostasis) : "flux stabilise" d'une trajectoire du developpement
CWaddington, 1957; Zakharov, 1992). Ce terme fail reference a la capacite d'une structure a
developper d'un bout a 1'autre une trajectoire du developpement ideale dans des conditions
environnementales particulieres. C'est un phenomene distinct de la canalisation. (voir
canalisation).
Instabilite du developpement ou bruit du developpement (developmental
instability) : estl'incapacite d'un organisme de temporiser ou de corriger les perturbations
al^atoircs au cours de son developpement. L'instabilite du d^veloppement est due a une suite
de processus qui tendent a perturber la precision du developpement d'un organisme, lel
qu'une faible difference aleatoire dans la vitesse de division, de croissance et de changemenl
de forme des cellules, des effets de bruit thennique sur les processus enzymadques, des
petites differences aldatoires dans la vitesse des processus physiologiques entre les cellules





Fig. 4. L'ampleur de Fasymetde fluctuante reflete un compromis entre deux processus
opposes : Ie bruit du developpement et la stability du developpement (d'apres Palmer,
1994).
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Kyste (kyst) : structure protectnce d'un organisme a paroi distincte ; dans des conditions
environnementales nefastes, beaucoup de micro-organismes s'enkystent ; les kystes peuvent
contenir 1'oeuf ou 1'organisme arrive ou non a maturite. Ceitains pathogenes sont transmis
surtout sous forme de kystes ingeres par Ie nouvel hote (Environnement Canada, 1985). (voir
pathogene).
Lotique (ecosystemes) (lotic) : ensemble des cours d'eau continentaux (fleuves, rivieres,
torrents et ruisseaux), ecosystemes caracterises par un nenouvellement rapide de leur eau. A
1' oppose, on d^finit les ecosystemes lentiques (lacs, etangs et marais). (voir ecosysteme).
Low Observed Adverse Effect Level (LOAEL) : dose minimale d'un polluant induisant
un effet nocif observe.
Lower Observed Effect Concentration (LOEC) : concentration minimale pour laquelle
un effet significadf a ete observe.
M
Macrophytes (macrophytes) : grandes plantes aquatiques ou ten'estres.
Matiere organique dans les sols (Organic mater in soils) : les fonctions des maderes
organiques (MO) participentde fa^on generale a 1'apdtude des sols a la production vegetale.
Les MO assurent la cohesion des autres constituants du sol enti'e eux et contribuent a la
structuradon du sol et a la stabilite de la structure. Ceci est du au grand nombre de liaisons
^lectrostatiques et surtout de liaisons faibles que les MO peuvent assurer, combine avec Ie
cai'actere macromol^culaire et la confoiTnadon souple des molecules. Les MO augmentent de
fagon g^nerale la i^sei-ve en eau des sols. Les MO contiibuent classiquement a la fertilite
chimique : elles sont une resei've d'elements nutritifs, la principale pour 1'azote, une des
principales pour Ie phosphore et Ie soufre. Les MO ont aussi une forte capacite d'echange
qui, dans certains milieux comme les sols sableux, est la principale reserve des bases
disponibles (K et Ca). Les MO sont Ie substi'at energedque des organismes heterotrophes du
sol. Les MO du sol contiennent et liberent des molecules de pedte taille, du-ectement actives
sur les metabolismes veg^taux et microbiens. De maniere generale, les reserves organiques
donnent a 1'agro- ou a 1'ecosysteme une capacite de resistance a differentes fluctuations,
accidents ou agressions tels que des pertes ou des exportations d'elements, des pollutions, ou
F action erosive des pluies.
Matieres fertilisantes : les maderes feililisantes comprennent les engrais, les amendements
et, d'une maniere generale, tous les produits dont 1'emploi est destine a assurer ou a ameliorer
la nutrition des vegetaux, ainsi que les proprietes physiques, chimiques et biologiques des
sols (NF U 44-041).
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Meristique (meristic): terme utilise pour designer un caractere qui peut eU'e denombre. (Ex.
: nombre de poils abdominaux de veilebres, etc.).
Mesocosmes (mesocosms) : dispositifs experimentaux dos d'un volume inferieur a 15 m3
ou d'une longueur superieur a 15 cm, situes en plein air, simulant eti'oitement Ie milieu
naturel. Les mesocosmes sont destines a 1'etude des effets des polluants sur les ecosystemes.
Les mesocosmes presentent un interet experimental car Us se situent a une echelle beaucoup
plus realiste et representative des conditions ecologiques reelles que les microcosmes utilises
dans des experimentations de laboratoire sur les polluants (Ramade, 1998). (voir
ecosysteme).
Metal lourd (heavy metal) : element metallique ayant un poids atomique relativement eleve,
dont la densite est d'au moins 5,0 (Environnement Canada, 1985). Le teime d'element trace
est communement utilise pour decrire ces substances (Cunningham et al., 1994). (voir
element trace).
Metrique (metrical) : terme utilise pour designer un caractere lorsque sa variadon est
quantitative (Ex.: longueur du tarse, de 1'aile, etc.). La vanation est condnue et tres elendue.
Micronutriments (micronutrients) : elements mineraux nutdtifs necessaires a de tres
faibles concentrations aux organismes autotrophes (ex.: bore, manganese, cuivre, zinc...)
(Ramade, 1998).
Musaraignes (grande - ) (shorttail shrew) : Blarma brevicauda. Taille : de 7 a 10 cm.
Poids : de 11 a 22 g. Espece vivant communement dans les forets, les prairies, les marais et
les broussailles. La grande musai'aigne est active Ie jour et la nuit tout au long de 1'annee. EUe
fait sa propre galerie dans Ie sol ou dans la neige, mais utilise parfois les galeries d'autres
animaux. La grande musaraigne se nounit d'insectes, de vers, d'escargots et d'autres
invertebr6s. Elle se noun'it parfois dejeunes micrommamiferes. Son domaine vital est de 0,2
- 0,4 ha et la densite de population est de 1'ordre de 62 ha . La duree de gestation est de 21
jours ou plus. Les naissances ont lieu en mars - avril et en aout - seplembre.
N-0
NOEC (No Observed Effect Concentration) : voir concentration sans effet observe.
Organisme indicateur (indicator organism) : organisme qui accumule les substances
toxiques presentes a 1'etat de trace dans Fenvironnement. Ces organismes sent alors utilises
quand il est difficile de mesurer dinectemenl des faibles concenu'adons d'un polluant. II ne
faut done pas confondre bio-indicateur et organisme indicateur. (voir bio-indicaleur).
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p
Pathogene (pathogenic) : organisme pouvant causer une maladie (Environnement Canada,
1985).
Pentachlorophenol (pentachlorophenol) (PCP) : foi-mule moleculaire : C^HClsO. Le
PCP est un biocide utilise comme algicide, bactericide, fongicide, herbicide, insecdcide et
molluscicide dans Ie domaine agricole, industriel et domestique.
Phenotype deviant (phenodeviant) : camcterc dont la valeur chez un individu s'ecarte
largement de 1'etendue "normale" de ce caractere. Pour chaque caractere ainsi decrit, il est
necessaire dejustifieret de definir precisement et avec attention ce qui est considere comme
"normal".
Phytodisponibilite (phytoavailability) : quantity d'un element pouvant etne ti'ansfere dans
les tissus d'une plante au cours d'une periode de croissance. Cette quandte est deteiTninee
apres recolte, par la mesure de la concentration de Felement dans les tissus de la plante. La
phytodisponibilite est controlee par de nombreux facteurs, tels que les foiTnes chimiques des
elements, la composition du sol. Ie climat et 1'aptitude de la plante de prendre, de transferer et
d'accumuler les metaux (Morel, 1989).
Phytotoxique (phytotoxic) : toxique pour les plantes (Environnement Canada, 1985).
PIasticite phenotypique (phenotypic plasticity) : capacite d'un caractere, produit par
des g^notypes identiques, d'exhiber des phenotypes diff^rents sous des conditions
environnementales differentes. Une plasdcite impoilante denote une faible canalisation
(Palmer, 1994). (voir canalisation).
Pollution (pollution) : voir contamination.
Q-S
Qualite de I'eau (water quality) : mesure de 1'etat de 1'eau par rapport aux besoins d'une
ou de plusieurs esp^ces (Strc humain compris).
Qualite du sol (soil quality) : mesure de Fdtat d'un sol par rapport aux besoins d'une ou de
plusieurs esp^ces (etre humain compris).
Qualite environnementale (environmental quality) : mesure de Fetat d'un
environnement par rapport aux besoins d'une ou de plusieurs esp^ces (etre humain compris).
Relation dose-effet : fonction scientifique d'estimation de la relation enti-e la dose, ou Ie
niveau d'exposition ^ une substance, et 1'incidence et la gravite d'un effet.
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Solution mere : solution aqueuse concentnee de la substance a experimenter. Des volumes
mesures de la solution mere sont ajoutes a 1'eau de dilution atm de preparer les solutions
d'essai aux concentrations requises (Environnement Canada, 1990).
Stabilite du developpement (developmental stability) : fait reference a 1'aptitude d'un
genotype a former un phenotype pr6d6teiTnine sous des conditions environnementales
particulieres. La stabilite de developpement est due a une suite de processus qui tendent a
combattre ou a tamponner la perturbadon de la precision du developpement, tels quo les
systemes de retrocontrole negadf qui regulent 1'activile enzymadque (concentration el vilesse
de catalyse) a Finterieur des cellules et entre les cellules, la regulation nei'veuse centrale ou
hormonale des structures non-contigues (Palmer, 1994). (Fig. 4).
Station de traitement des eaux usees (water treatment sludge) : ensemble dos
installations de traitement des eaux usees ou Fan emploie des procedes chimiques, physiques
ou biologiques pour traiter les eaux (Environnement Canada, 1985).
Stress (stress): cause proximale d'un effet defavorable sur un organisme ou un syslemc.
T
Tests de toxicite (toxicity tests) : tests mesumnl les reponses d'un systeme biologiquc u
une substance pour determiner si elle est toxique (Cunningham et al., 1994). II exisic dos
tests letaux, subletaux et a long teime (voir test letaux, tests de toxicite, a long termc, tests
subletaux).
Tests de toxicite a long terme : ces tests peuvent etre distingues en differents type de tests
de bioessais : effets mutagenes, effets teratogenes, tests d'inhibition de croissance el et'fets de
concentrations subletales (Ramade, 1998).
Tests letaux (lethality testing) : tests determinant des concentrations letales a 50% dans
des expositions a court terme (de 24 a 96h) sur des organismes de reference (Ex. Daphnies),
test qui constitue un bioessai tres repandu en toxicologie aquatique (Ramade, 1998).
Tests subletaux (sublethal testing) : tests determinant les effets, autres que letaux, d'un
polluant sur des organismes. Les tests subletaux se distinguent en cinq types : bioessais de
croissance, bioessais d'inhibition d'activite biologique (reproduction), test de mobilite et lest
de motilite bacterienne (Ramade, 1998).
Tibia (tibiae): chez les insectes. Ie quatri^me segment de la patte, entre Ie fern ur et Ie tarse.
Toxicite (toxicity) : particularite propre a diverses substances dont 1'absoiption a pour effet
de perturber Ie metabolisme des etres vivants en provoquant des troubles physiologiques
pouvant allerjusqu'a la mort des individus exposes. En fonction de 1'intensite el de la rapidite
des effets, on disdngue une toxicile aigue, une toxicite subaigue et une toxicite a long terme
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resultant de 1'exposidon permanente et prolongee a des faibles concentrations d'un toxique
(Ramade, 1998). (voir toxicite aigue, chronique).
Toxicite aigue (acute toxicity) : toxicite qui provoque de graves troubles biologiques ou la
mort d'un organisme dans un court delai (^ 96 heures) (Pierce et al., 1998).
Toxicite chronique (chronic toxicity) : toxicite liee a 1'absorption continue de petites
doses de polluants a long terme, qui a un effet nefaste sur les organismes. Le resultat ultune
de la toxicite chronique est la mort, mais les effets habituels sont plutot sublelaux (inhibition
de la croissance, de la reproduction...). Ces effets sont irreversibles a long terme.
Toxicologie (toxicology) : etude des effets negatifs des substances chimiques sur les
individus, ou les elements qui les composenl, et plus particulierement aux mecanismes des
effets nocifs et aux conditions dans lesquels ils se produisent (Forbes et Forbes, 1997). La
toxicologie s'interesse aux effets des produits chimiques sur les individus et non pas sur
1'^cosysteme comme Ie fait 1'ecoloxicologie. (voir ecoloxicologie).
Toxicologie de Penvironnement (environmental toxicology) : elude des impacts des
produits chimiques presents dans 1'environnement sur les organismes biologiques (Klaassen
et Baton, 1991).
Traitement primaire des eaux usees (primary wastewater treatment) : premiere
etape du traitement des eaux us^es, qui retient les objets solides de grande taille dans des
tamis, et les sediments et la matiere organique dans des chambres de decantation (Pierce et
aL, 1998).
Traitement secondaire des eaux usees (secondary wastewater treatment) : apres Ie
traitement primaire, enlevement de la matiere organique biodegradable des eaux usees a 1'aide
de bacteries et d'autres micro-organismes, dans des boues activees ou des fil ires bacteriens
(Pierce etal., 1998).
Traitement tertiaire des eaux usees (tertiary wastewater treatment) : enlevement des
nitrates, phosphates, composes chlores, sels, acides, metaux et composes organiques
toxiques apres Ie traitement secondaire (Pierce et al., 1998).
v-x
Variation bilaterale (bilateral variation) : lerme general faisanl reference a tons les
modeles de variation entre les cotes (droit el gauche) chez les organismes presentant une
symetrie bilaterale (asymetrie fluctuante, asymetrie directionnelle, andsymetrie, ect.) (Palmer,
1994). (voir asymetrie fluctuanle, asymetrie direction nelle, andsymeuie).
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Xenobiotique (xenobiotic) : substance etrangere aux organismes vivants. Ces substances
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